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ABSTRACT 
 

Cardiovascular disease is the leading cause of death in the United States, and 

coronary artery disease (CAD) kills over 370,000 people annually. There are available 

therapies that offer a temporary solution; however, only a heart transplant can fully 

resolve heart failure, and donor organ shortages severely limit this therapy. C-kit+ 

human cardiac stem cells (hCSCs) offers a viable alternative therapy to treat 

cardiovascular disease by replacing damaged cardiac tissue; however, low cell 

viability, low retention/engraftment, and uncontrollable in vivo differentiation after 

transplantation has limited the efficacy of stem cell therapy. Tissue engineering 

solutions offer potential tools to overcome current limitations of stem cell therapy. 

Materials derived from natural sources such as keratin from human hair offers innate 

cellular compatibility, bioactivity, and low immunogenicity. Keratin proteins 

extracted using oxidative chemistry known as keratose (KOS) have shown 

therapeutic potential in a wide range of applications including cardiac regeneration. 

My studies utilize KOS hydrogels to modulate c-kit+ hCSC differentiation, and explore 

the capability of differentiated cells to regenerate vascular tissue. 

 In the first Chapter, we reviewed literature relevant to keratin-based 

biomaterials and their biomedical applications, the use of stem cells in cardiovascular 

research, and the differentiation of vascular smooth muscle cells (VSMCs). The 

section on biomedical applications of keratin biomaterials focuses on the oxidized 

form of keratin known as keratose (KOS), because this was the material used for our 

research. Since we planned to use this material in conjunction with c-kit+ hCSCs, we 

also briefly explored the use of stem cells in cardiovascular research. Additionally, we 



examined some key signaling pathways, developmental origins, and the cell 

phenotype of VSMCs for reasons that will become clear after observing results from 

chapters 2 and 3. Based upon our review of the literature, KOS biomaterials and c-kit+ 

hCSCs were determined to be promising as a combined therapeutic for the 

regeneration of cardiac tissue. 

Research in Chapter 2 focused on characterizing the effects of KOS hydrogel 

on c-kit+ hCSC cell viability, proliferation, morphology, and differentiation. Results 

demonstrated that KOS hydrogels could maintain hCSC viability without any 

observable toxic effects, but it modulated cell size, proliferation, and differentiation 

compared to standard tissue culture polystyrene cell culture (TCPS). KOS hydrogel 

produced gene and protein expression consistent with a VSMC phenotype. Further, 

we also observed novel “endothelial cell tube-like” microstructures formed by 

differentiated VSMCs only on KOS hydrogel, suggesting a potential capability of the 

hCSC-derived VSMCs for in vitro angiogenesis. Results from this study lead us to 

question what signaling pathways might be responsible for the apparent VSMC 

differentiation pattern we observed on KOS hydrogels. 

Research in Chapter 3 explored the time course of VSMC differentiation, cell 

contractility, inhibition of VSMC differentiation, and measured protein expression of 

transforming growth factor beta 1 (TGF-. 1) and its associated peptides for hCSCs 

cultured on KOS hydrogels, tissue culture polystyrene, and collagen hydrogels. A 

review of VSMC differentiation signaling pathways informed our decision to 

investigate the role of TGF-Ⱦ1 in VSMC differentiation. Results demonstrated that KOS 

hydrogel differentiated hCSCs significantly increased expression for all three vascular 

smooth muscle (VSM) markers compared to TCPS differentiated cells.  Additionally, 

KOS differentiated hCSCs were significantly more contractile than cells differentiated 

on TCPS.  Recombinant human (rh) TGF-Ⱦ1 was able to induce VSM differentiation on 

TCPS. VSM differentiation was successfully inhibited using TGF-Ⱦ �ABs and A83-01. 

Enzyme-Linked Immunosorbent Assay (ELISA) analysis revealed that both TCPS and 

KOS hydrogel differentiated cells produced TGF-Ⱦ1, with higher levels being 

measured at early time points on TCPS and later time points on KOS hydrogels. 

Results from supplementing rhTGF-Ⱦ1 to TCPS and KOS hydrogels revealed that KOS 



seems to interact with TGF-Ⱦ to a greater extent than TCPS.  Western blot results 

revealed that latency TGFȾ binding protein (LTBP-1) and latency associated peptide 

(LAP) had elevated levels early during differentiation. Further, the levels of LTBP-1 

and LAP were higher on KOS differentiated hCSCs than TCPS hCSCs. This study 

reaffirms previous results of a VSM phenotype observed on KOS hydrogels, and 

provides convincing evidence for TGF-Ⱦ1 inducing VSM differentiation on KOS 

hydrogels. Additionally, results from ELISA and western blot provide evidence that 

KOS plays a direct role in this pathway via interactions with TGF-Ⱦ1 and its associated 

proteins LTBP-1 and LAP. Results from chapter 2 and 3 offered significant evidence 

that our cells exhibited a VSMC phenotype, and that TGF-Ⱦ1 signaling was a key 

contributor for the observed phenotype, but we still needed an animal model to 

explore the therapeutic potential of our putative VSMCs. 

Research in Chapter 4 investigated a disease model to test the ability of KOS 

hydrogel differentiated cells to regenerate vascular tissue. To measure vascular 

regenerative capability, we selected a murine model of critical limb ischemia (CLI). 

CLI was induced in 3 groups (n=15/group) of adult mixed gender �SG mice by 

excising the femoral artery and vein, and then treated the mice with either PBS 

(termed as PBS-treated), Cells differentiated on TCPS (termed as Cells from TCPS), or 

KOS hydrogel-derived VSMCs (termed as Cells from KOS). Blood perfusion of the hind 

limbs was measured immediately before and after surgery, then 14, and 28 days after 

surgery using Laser Doppler analysis. Tissue vascularization, cell engraftment, and 

skeletal muscle regeneration were measured using immunohistochemistry, 1,1’-

Dioctadecyl3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiL) vessel painting, 

and hematoxylin and eosin (H&E) pathohistological staining. During the 4-week 

period, both cell treatment groups showed significant increases in blood perfusion 

compared to the PBS-treated control, and at day 28 the Cells from KOS group had 

significantly better blood flow than the Cells from TCPS group. Additionally, the Cells 

from KOS group demonstrated a significant increase in the ratio of DiL positive 

vessels, capillary density, and a greater density of small diameter arterioles compared 

to the PBS-treated group. Further, both cell-treated groups had similar levels of 

engraftment into the host tissue. We conclude that Cells from KOS therapy increases 



blood perfusion in an �SG model of CLI, but does not lead to increased cell 

engraftment compared to other cell based therapies.  

Overall, the results from this dissertation demonstrated that KOS hydrogels 

produce VSMC differentiation from c-kit+ hCSCs mediated by TGF-Ⱦ1 signaling, and 

that the differentiated cells are able to increase blood perfusion in a CLI model by 

increasing capillary density, suggesting enhanced angiogenesis. Future studies 

should explore potential protein-protein interactions between KOS, TGF-Ⱦ1 and its 

associated proteins. Additionally, we should plan animal studies that examine the 

efficacy of our cells to regenerate cardiac tissue following an acute myocardial 

infarction (AMI). 
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GENERAL AUDIENCE ABSTRACT 
 

Cardiovascular disease is the leading cause of mortality in the United States, 

responsible for 1 out of every 4 deaths, and accounting for over 200 billion dollars in 

health care related cost.  There are several available therapies that offer a temporary 

solution; however, only a heart transplant can fully resolve heart failure, and donor 

organ shortages severely limit this therapy. Cardiac stem cells are a promising 

alternative therapy to treat cardiovascular disease by replacing damaged cardiac 

tissue; however, low cell viability, low retention/engraftment, and uncontrollable in 

vivo differentiation after transplantation has limited the efficacy of stem cell therapy. 

Tissue engineering solutions offer potential tools to overcome current limitations of 

stem cell therapy. Keratin proteins extracted from human hair have shown 

therapeutic potential in a wide range of applications including cardiac regeneration. 

My studies utilize human hair-derived keratin biomaterials to modulate c-kit+ human 

cardiac stem cell (hCSC) differentiation and explored the capability of differentiated 

cells to regenerate vascular tissue. My dissertation demonstrated that keratin 

biomaterials modified c-kit+ hCSC differentiation and produced VSMCs (a major 

component of vascular tissue), and that TGF-Ⱦ1 signaling was key in producing this 

differentiation pattern. Additionally, our keratin differentiated hCSCs were able to 

recover vascular tissue and blood perfusion in a critical limb ischemia (CLI) mouse 

model. Results demonstrated that our cells increased both blood flow and the density 

of vascular tissue. Future studies should explore potential protein-protein 

interactions between KOS, TGF-Ⱦ1 and its associated proteins. Additionally, we should 



plan animal studies that examine the efficacy of our cells to regenerate cardiac tissue 

in a myocardial infarction disease model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DEDICATION 

I dedicate this work to my wife Sara; you are loving, kind, and my most loyal 

friend. I am incredibly fortunate to have such a wonderful partner, and I could not 

have done this without your unwavering support. 

viii



AKNOWLEDGEMENTS 

First, I would like to thank my advisor Dr. Jia-Qiang He. In addition to financial 

support and research expertise, you have treated me like family. You have provided 

help when needed, while allowing me to grow and learn own my own. I appreciate 

your honesty, gritted determinedness, and literally being available all hours of  the  

day.  

To my committee members, Dr. Mark Van-Dyke, Dr. Robert Gourdie, and Dr. 

William Huckle. You have all helped by  kindly pointing  out  any  deficiencies in my 

experimental designs and provided sage time saving advice. I also appreciate your 

generosity of time and resources during my time as a graduate student.   

To my external examiner Dr. Gangjian Qin, thank you very much for your time 

and traveling to Virginia Tech to be a part of my final examination.  

I  would  like to  thank  He lab members past  and  present. Dr. Lijuan Kan, you 

were patient and always very helpful with demonstrating various experimental 

techniques, and your sense of humor enriched the lab environment. Miao Chen, and 

Catherine Baron you have been excellent collaborators on many projects, and 

wonderful friends.  

ICTAS, and the VMCVM Office of Research and Graduate Studies thank you for 

your financial support. 

Dr.  Ansar  Ahmed  and  Dr.  Roger  Avery, thank you for being  supportive and 

available to me and many other students in the BMVS program. I would also like to 

thank Susan Rosebrough and Becky Jones for answering questions and always being 

there for the students in the BMVS program. 

Throughout my entire life, my family has been a constant source of support. I 

cannot begin to thank my parents, who have always been an inexhaustible source 

of love and encouragement. 

A special thank you to Cindy Shaw for her love, support, and willingness to 

help with any request.

ix



TABLE OF CONTENTS 
ABSTRACT ......................................................................................................................................... ii 

GENERAL AUDIENCE ABSTRACT ...................................................................................................... vi 

DEDICATION .................................................................................................................................. viii 

AKNOWLEDGEMENTS...................................................................................................................... ix 

LIST OF FIGURES ............................................................................................................................ xiii 

LIST OF ABBREVIATIONS ................................................................................................................. xv 

CHAPTER 1: LITERATURE REVIEW .................................................................................................... 1 

1.1 Abstract................................................................................................................................... 1 

1.2 Introduction ............................................................................................................................ 2 

1.3 Keratin Biomaterials ............................................................................................................... 3 

1.3.1 Sources, Basic Properties, and Extraction .................................................................... 3 

1.3.2 Biomedical Applications ............................................................................................... 6 

1.4 Stem Cells in Cardiovascular Research ................................................................................. 14 

1.4.1 Non-Resident Cardiac Stem Cells ............................................................................... 15 

1.4.2 Resident c-kit+ Human Cardiac Stem Cells ................................................................. 15 

1.5 Vascular Smooth Muscle Cells .............................................................................................. 16 

1.5.1 Origin and Cell Phenotypes ........................................................................................ 16 

1.5.2 Signaling Pathways Regulating VSMC Differentiation ............................................... 17 

1.6 Summary and Overall Experimental Design ......................................................................... 19 

1.6.1 Summary .................................................................................................................... 19 

1.6.2 Overall Experimental Design ...................................................................................... 21 

CHAPTER 2: KERATOSE HYDROGELS PROMOTE VASCULAR SMOOTH MUSCLE DIFFERENTIATION 
FROM C-KIT POSITIVE HUMAN CARDIAC STEM CELLS .................................................................. 24 

2.1 Abstract ................................................................................................................................ 24 

2.2 Introduction .......................................................................................................................... 25 

2.3 Materials and Methods ........................................................................................................ 26 

2.3.1 Reagents ..................................................................................................................... 26 

2.3.2 hCSC Isolation and Culture ......................................................................................... 27 

2.3.3 Keratin Isolation and Hydrogel Formation ................................................................. 27 

2.3.4 Cell Viability Assays with Calcein-AM/ EthD-1 and Trypan Blue ................................ 28 

2.3.5 EdU Cell Proliferation Assay ....................................................................................... 29 

2.3.6 Cell Morphology Analysis with Phalloidin Staining .................................................... 29 

2.3.7 Cardiac Lineage Differentiation of hCSCs ................................................................... 30 

2.3.8 qRT-PCR (qPCR) .......................................................................................................... 30 

x



2.3.9 Western Blotting ........................................................................................................ 32 

2.3.10 Immunocytochemistry ............................................................................................. 33 

2.3.11 Statistical Analysis .................................................................................................... 34 

2.4 Results .................................................................................................................................. 34 

2.4.1 KOS Hydrogels Maintain Cell Viability and Stemness, but Reduce Cell Proliferation 
Rate of C-kit Positive hCSCs .................................................................................................... 34 

2.4.2 hCSCs do not Spontaneously Migrate into KOS Hydrogels, but Form “Endothelial 
Cell Tube-Like” Microstructures Following Induced Differentiation. ..................................... 38 

2.4.3 Predominant c-kit+ hCSCs Become VSMCs after Induced Cardiac Differentiation on 
KOS Hydrogel .......................................................................................................................... 40 

2.5 Discussion ............................................................................................................................. 45 

2.6 Conclusions ........................................................................................................................... 48 

CHAPTER 3: ROLE OF TGF-ɴ IN KOS HYDROGELS DIFFERENTIATION OF C-KIT+ HUMAN CARDIAC 
STEM CELLS .................................................................................................................................... 49 

3.1 Abstract ................................................................................................................................ 49 

3.2 Introduction .......................................................................................................................... 50 

3.3 Materials and Methods ........................................................................................................ 52 

3.3.1 Reagents ..................................................................................................................... 52 

3.3.2 hCSC Isolation and Cell Culture .................................................................................. 52 

3.3.3 Keratin Isolation and Keratose Hydrogel Formation ................................................. 52 

3.3.4 TCPS and KOS Hydrogel Vascular Smooth Muscle Differentiation ............................ 54 

3.3.5 Immunocytochemistry ............................................................................................... 55 

3.3.6 Collagen Lattice Contraction Assay ............................................................................ 55 

3.3.7 Carbachol Induced Cell Contraction .......................................................................... 57 

3.3.8 TGF-ɴ ELISA Assay ...................................................................................................... 57 

3.3.9 Western Blotting ........................................................................................................ 57 

3.3.10 Inhibition of TGF-ɴ Signaling .................................................................................... 58 

3.3.11 Statistical Analysis .................................................................................................... 59 

3.4 Results .................................................................................................................................. 59 

3.4.1 5-Aza Does Not Play a Significant Role in KOS hydrogel Differentiation ................... 59 

3.4.2 TGF-ɴ1 Induces VSM Differentiation of c-kit+ hCSCs on TCPS .................................... 61 

3.4.3 KOS Hydrogels Differentiation Significantly Increases Smooth Muscle Phenotype .. 62 

3.4.4 VSMC Differentiation is Consequence of KOS Hydrogels not an Effect of Hydrogel 
Cell Culture ............................................................................................................................. 64 

3.4.5 Cell Contractility ......................................................................................................... 66 

3.4.6 Dynamic Change of TGF-ɴ and Associated Peptides Concentrations ........................ 66 

xi



3.4.7 A83-01 and TGF-ɴ NAB Inhibited KOS Hydrogel VSM Differentiation ....................... 70 

3.5 Discussion ............................................................................................................................. 72 

3.6 Conclusions ........................................................................................................................... 75 

CHAPTER 4: KERATOSE HYDROGEL-DERIVED VASCULAR SMOOTH MUSCLE CELLS PROMOTE 
ANGIOGENESIS IN MURINE HIND LIMB ISCHEMIA ........................................................................ 76 

4.1 Abstract ................................................................................................................................ 76 

4.2 Introduction .......................................................................................................................... 77 

4.3 Materials and Methods ........................................................................................................ 78 

4.3.1 Hind limb Ischemia ..................................................................................................... 78 

4.3.2 Cell Culture and Delivery to the Ischemic Limb ......................................................... 78 

4.3.3 Laser Doppler Imaging ............................................................................................... 79 

4.3.4 Vascular Density Measurements ............................................................................... 80 

4.3.5 Gastrocnemius Vessel Painting .................................................................................. 80 

4.3.6 Skeletal Muscle H&E Staining .................................................................................... 81 

4.3.7 Xenograft Analysis ...................................................................................................... 81 

4.3.8 Statistical Analysis ...................................................................................................... 82 

4.4 Results .................................................................................................................................. 83 

4.4.1 Laser Doppler Analysis: Demonstrates Increased Blood Perfusion for Cells from KOS-
Treated Mice .......................................................................................................................... 83 

4.4.2 Vessel Density ............................................................................................................ 83 

4.4.3 H&E Analysis Reveals Skeletal Muscle Preservation for both Cell-Treated Groups .. 86 

4.4.4 Xenograft Cell Incorporation had no Significant Increase for Cells from KOS 
Compared to Cells from TCPS ................................................................................................. 90 

4.5 Discussion ............................................................................................................................. 90 

4.6 Conclusions ........................................................................................................................... 93 

CHAPTER 5: OVERALL CONCLUSIONS AND FUTURE WORK .......................................................... 95 

5.1 Overall Conclusions .............................................................................................................. 95 

5.2 Future Work ......................................................................................................................... 96 

REFERENCES .................................................................................................................................. 99 

xii



LIST OF FIGURES 

Figure # Figure Title Page # 

Figure 1.1 Structure of human hair and potential biomedical applications of 
keratin 

5 

Figure 1.2 Key vascular smooth muscle differentiation pathways: Integrin, 
TGF-Ⱦ1, and PDGF-BB signaling pathways 

18 

Figure 2.1 KOS hydrogels maintain c-kit+ hCSC viability 35 

Figure 2.2 Sub-passaging hCSCs on KOS hydrogels 36 

Figure 2.3 KOS hydrogels decrease c-kit+ hCSC proliferation 37 

Figure 2.4 Cell distribution and morphology on KOS hydrogel 39 

Figure 2.5 KOS hydrogels promote VSMC gene expression 41 

Figure 2.6 KOS hydrogels promote VSMC protein expression: Western blot 
analysis  

42 

Figure 2.7 KOS hydrogels promote VSMC protein expression: 
Immunocytochemical staining  

43 

Figure 2.8 Effects of KOS hydrogel cell passaging on c-kit expression 44 

Figure 3.1 Effects of FBS, 5-Aza, and SR on VSMC differentiation 60 

Figure 3.2 TGF-Ⱦ promotes smooth muscle differentiation on TCPS 61 

Figure 3.3 VSMC differentiation time course on KOS hydrogels 63 

Figure 3.4 Collagen hydrogels exhibit lower levels of VSMC protein expression 
than KOS hydrogels 

64 

Figure 3.5 KOS hydrogel differentiated cells are more contractile that TCPS 
differentiated cells: Collagen lattice contraction assay 

65 

xiii



Figure 3.6 C-kit+ hCSCs secrete TGF-Ā1: TGF-Ⱦ1 ELISA assay 67 

Figure 3.7 Protein expression of TGF-Ⱦ associated peptides: Western blot 
analysis 

68 

Figure 3.8 A83-01 inhibition of TGF-Ⱦ decreases VSM differentiation on TCPS 
and KOS 

69 

Figure 3.9 TGF-Ⱦ neutralizing antibody inhibition of VSM differentiation on 
KOS hydrogels  

71 

Figure 4.1 VSMCs from KOS hydrogels significantly increase blood perfusion in 
CLI mice 

82 

Figure 4.2 Cells from KOS hydrogels significantly increase capillary density in 
treated mice: CD31 IHC  

84 

Figure 4.3 Cells from KOS hydrogels significantly increase density of small 
diameter vascular tissue in treated �SG Mice: Ƚ-SMA IHC  

85 

Figure 4.4 Dil-stained vessel densities is significantly higher in Cells from KOS 
compared to control (PBS-treated) 

87 

Figure 4.5 Cells from KOS hydrogel and Cells from TCPS preserve skeletal 
muscle microstructure: H&E analysis  

88 

Figure 4.6 �o significant increase of tissue incorporation with Cells from KOS 89 

xiv



LIST OF ABBREVIATIONS 

5-Aza 5-Azacytidine

AMI Acute Myocardial Infarction

AĀOVA Analysis of Variance (one way or two-way) 

B2M Beta-2-Microglobulin 

BAM Bladder Acellular Matrix  

b-FGF Basic Fibroblast Growth Factor  

BMMĀCs Bone Marrow Mononuclear Cells 

BMMSCs Bone Marrow Mesenchymal Stem Cells  

BSA Bovine Serum Albumin  

CAD Coronary Artery Disease  

CArG Carg Elements (CC(A/T)6GG) 

CLI Critical Limb Ischemia  

CMs Cardiomyocytes  

DiL 1,1’-Dioctadecyl 3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate 

DM Differentiation Medium  

ECs Endothelial Cells  

ECM Extracellular Matrix  

EdU 5-Ethynyl-2´-Deoxyuridine

ELISA Enzyme-Linked Immunosorbent Assay 

EMT Endothelial Mesenchymal Transition  

EPCs Endothelial Progenitor Cells 

EPDCs Epicardial Derived Cells  

EPO Erythropoietin  

ESCs Embryonic Stem Cells  

FA Femoral Artery  

FBS Fetal Bovine Serum  

FS Fractional Shortening  

FV Femoral Vein 

H&E Hematoxylin And Eosin  

xv



hCSCs Human Cardiac Stem Cells  

HDAC7 Histone deacetylase 7 

hSMMs Human Skeletal Muscle Myoblasts  

ICC Immunocytochemistry  

IF Immunofluorescence  

IHC Immunohistochemistry  

iPSCs Induced Pluripotent Stem Cells  

IRB Institutional Review Board 

KOS Keratose  

KT� Kerateine

LAP Latency Associated Peptide 

LD Latissimus Dorsi  

LLC Large Latent Complex  

LTBP-1 Latent TGF-ȝ1 Binding Protein-1  

LVEF Left Ventricular Ejection Fraction  

MI Myocardial Infarction 

MPCs Muscle Progenitor Cells  

MRTF Myocardin Related Transcription Factor 

Myh11 Myosin Heavy Chain 11 

MYOCD Myocardin  

ĀAB Āeutralizing Antibodies  

ĀRCMs Āeonatal Rat Cardiomyocytes  

ns Āot Significant  

ĀSG Āon-obese diabetic SCID Gamma  

OCT Optimal Cutting Temperature Compound  

P/S Penicillin/Streptomycin 

PAD Peripheral Artery Disease  

PBS Phosphate Buffered Saline  

PDGF-BB Platelet-Derived Growth Factor-BB  

PDGRF-Ⱦ Platelet-Derived Growth Factor Receptor-Ⱦ 

xvi



PFA Paraformaldehyde  

Pre-Diff Pre-Differentiation  

qRT-PCR Quantitative Real Time Polymerase Chain Reaction 

rhBMP-2 Recombinant Human Bone Morphogenic Protein-2  

rhIGF Recombinant Human Insulin-Like Growth Factor 

RIPA Radio Immunoprecipitation Assay  

ROI Region of Interest  

RT Room Temperature  

SCs Schwan Cells  

SDS Sodium Dodecyl Sulfate  

SE Standard Error  

SEM Standard Error of Mean  

SKMs Skeletal Muscle Myoblasts 

SLC Small Latent Complex  

SMMHC Smooth Muscle Myosin Heavy Chain (or Myh-11) 

SPR Surface Plasmon Resonance  

SR (Knockout) Serum Replacement  

SRF Serum Response Factor  

TBST Tris-Buffered Saline And Tween-20 

TCPS Tissue Culture Polystyrene  

TGFȾR1/TGFȾR2 Transforming Growth Factor-Ⱦ Receptor 1 and 2 

TGF-Ⱦ Transforming Growth Factor-Ⱦ  

VSM/VSMCs Vascular Smooth Muscle/Vascular Smooth Muscle Cells 

vWF von Willebrand Factor   

Ƚ-SMA Alpha-Smooth Muscle Actin  

Ⱦ-A Beta-Actin  

Ⱦ-ME Beta-Mercaptoethanol  

xvii



1 

CHAPTER 1: LITERATURE REVIEW 

1.1 Abstract 
Keratin, a structural protein present in a wide range of tissues, comes in two varieties: 

“soft” cytosolic keratins, found primarily in epithelial tissues; and “hard” keratins, found in 

protective tissues such as hair, horns, and hooves. The keratin used in biomedical research 

is isolated predominately from “hard” keratins. Āumerous methods to isolate keratin 

proteins have been developed. These methods generally take advantage of the high sulfur 

and disulfide bond content of hard keratins. Extraction of the protein involves chemically 

denaturing the protein, mediated through either oxidative or reductive conditions. 

Oxidatively extracted keratins are typically denoted as keratose (KOS). KOS can then be 

processed into various physical formats such as films, gels, fibers, and coatings. These 

materials have shown great cell and tissue compatibility. KOS alone or in conjunction with 

cells, drugs and/or various growth factors has been tested in a variety of biomedical 

applications ranging from drug release, wound regeneration, skeletal muscle regeneration, 

cardiac regeneration, and nerve regeneration. Āone of these applications has shown KOS to 

illicit an adverse immune response. Additionally, KOS has shown salubrious effects in a 

number of animal studies that merit further investigation in large animal studies, and has 

demonstrated great potential to progress towards human trials. The goal of this chapter is 

to outline the current status of KOS biomaterials in biomedical research and its applications 

in animal models which have demonstrated the greatest potential of entering into human 

clinical trials.  

Stem cells have been widely used in cardiovascular research, and these cells fall in 

one of two categories, non-resident cardiac stem cells, and cardiac stem cells. Generally, 

therapies target replacing beating CMs, pace making cells, or vasculature. Among the cell 

types used to treat ischemia, vascular smooth muscle cells (VSMCs) are under-represented. 

To design VSMC based therapies it is necessary to examine key signaling pathways, 

developmental origins, and the cell phenotype of VSMCs. Based upon our review of the 

literature, KOS biomaterials and c-kit+ hCSCs were determined to be beneficial as a combined 

therapeutic for the regeneration of cardiac tissue. 
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1.2 Introduction 
Cardiovascular disease is the leading cause of mortality in the United States, 

responsible for 1 out of every 4 deaths, and accounting for over 200 billion dollars in health 

care related cost. Ischemic myocardial infarction (MI), mainly due to coronary artery disease 

(CAD), is the most common type of heart disease killing over 370,000 people each year (1). 

MI is a result of occlusion of coronary arteries due to atherosclerosis plaque buildup in the 

intima of arteries (2-4). Clinically available therapies include dietary intervention, 

angioplasty, coronary artery bypass, and in the most extreme cases heart transplantation 

(4). These therapies can be effective to various degrees, but once the end-stage heart failure 

occurs, heart transplantation becomes the last resource to rescue a patient’s life. 

Unfortunately, a shortage of donor hearts is a limiting factor for this option. An alternative 

to heart transplantation is stem cell-based therapy. 

An effective stem cell-based therapy for MI would either replace host cardiomyocytes, 

or promote host CMs to proliferate, and also create new vasculature to provide nutrients to 

the CMs (5). Stem cell therapy holds potential to achieve these goals, but to date no therapy 

has addressed all of the challenges (6-8). C-kit+ human cardiac stem cells (hCSCs) are 

resident cardiac stem cells that exhibit basic stem cell properties (self-renewing, clonogenic, 

and multipotent) (8, 9). Although the functional ability of c-kit+ hCSCs to become CMs in vivo 

is one of the centrally debated issues concerning their regenerative potential (7, 10), 

abundant preclinical and clinical studies have provided evidence to demonstrate their in 

vitro abilities of cardiac lineage differentiation (i.e., cardiomyocytes-CMs, endothelial cells-

ECs, and VSMCs) as well as in vivo capacity to improve cardiac function following 

transplantation (7, 8, 11-14). Regardless of differences between in vitro and in vivo studies 

of c-kit+ hCSCs, the inability of stem cells to engraft into host tissue still remains unsolved (6, 

11, 12, 14).   Therefore, methods to improve cell based therapy are currently being explored. 

One strategy is to use biomaterials, alone or in conjunction with stem cell-based therapies.  

Biomaterials possess several properties that are ideal for regenerative medicine 

applications, which include biocompatibility, biodegradability, low/non-immunogenicity, 

and low/non-cytotoxicity (15). Keratin is a natural structural protein that can be formulated 

into biomaterials that achieve all of the above properties. Keratin is evolutionarily well 
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conserved and therefore can be used from allogenic and even xenogeneic sources (16). 

Further, because keratin can be obtained from human hair it offers a readily available and 

cheap source of biomaterial that can be obtained from the patient’s own tissue and 

formulated in a variety of ways (film, sponges, and hydrogels) to suit a diverse set of tissue 

engineering applications (17). 

A key molecular feature of keratin is its high thiol content, which extensively forms 

disulfide bonds that provides the macromolecule with mechanical strength (18, 19). When 

formulating keratin based biomaterials the disulfide bonds are typically targeted for 

modification primarily using two approaches, reductive chemistry to produce kerateine 

(KT�), or oxidative chemistry to produce KOS. Cell culture studies have shown that KT� and 

KOS can control and modulate stem cell behavior in a variety of ways, including cell adhesion, 

proliferation, colony-forming efficiency, and differentiation (20-24). Both materials have 

been successfully used in various applications, including controlled drug release (25, 26) and 

treatments of various diseases in animal models, such as dermal wound regeneration healing 

(27), skeletal muscle regeneration (28-30) peripheral nerve regeneration (31-35) and 

cardiac regeneration (36). Findings of these aforementioned studies demonstrate that KOS 

hydrogels possess an innate biocompatibility non-immunogenicity, thus meriting further 

exploration of KOS hydrogels in cardiovascular therapies. However, prior to the above, a 

better understanding of the in vitro interaction between c-kit+ hCSCs and KOS hydrogels will 

provide a more natural cell culture condition, and offer novel information of how the 

resident cardiac stem cells may interact with KOS hydrogels in vivo. Knowledge of how both 

cells and material interact should provide novel pathways to investigate how each are able 

to improve cardiac function and in due course design improved therapies. 

1.3 Keratin Biomaterials 
1.3.1 Sources, Basic Properties, and Extraction 

Biomaterials come in myriad forms ranging from full synthetic materials to 

biologically derived materials and play an integral role in regenerative medicine and are 

often used in biomedical applications (37). For applications that require mechanical 

strength, polysaccharides or proteins are typically used (38, 39); while protein based 
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material like collagen, silk fibroin, and keratin are well-suited for tissue engineering 

applications that necessitate interactions with tissues and cells (40-42). Protein materials 

integrate many of the properties of the extracellular matrix (ECM), mimicking the innate 

ability of the ECM to facilitate cell-cell and cell-matrix interactions. This in turn creates a 

unique microenvironment with a defined three-dimensional structure that can facilitate 

cellular guided proliferation and tissue formation, which is a crucial aspect of a biomaterial 

scaffold. The diverse physiochemical and biological activities present in proteinaceous 

biomaterials offer a complex interaction between scaffold and tissue matrix integration that 

is not easily obtained in synthetically derived medical devices. Keratin based biomaterials 

offer a unique set of properties that make them attractive for tissue engineering. For 

instance, they are not susceptible to  collagenase present in tissue (43, 44), they offer 

mechanical resilience beyond other protein based biomaterials (collagen, elastin, fibrin) 

(42), and they are abundantly available and easily procurable in the form of hair, horn, and 

feathers (35, 45, 46). 

While still nascent in biomedical research, keratin biomaterials have shown that they 

are well-suited for a wide range of biomedical applications. In addition, as a result of the 

strong bioactivities and diverse physiochemical properties of keratin biomaterials, there are 

several attractive features that are unique to keratin. For example, keratin is a self-renewing 

source of autologous biomaterial that can be obtained without any invasive procedures in 

the form of human hair. These properties make keratin very attractive for other biomedical 

applications that require biocompatibility such as medical devices, bioactive surfaces, 

hygiene products, etc. 

KOS biomaterials are composed of protein from hard keratin sources, typically hair 

or wool (18, 19). Various methods to break down disulfide bonds for protein extraction have 

been described (47, 48). KOS is a chemically modified formulation of native keratin fibers 

that have greatly diminished disulfide bond content. Preparation of KOS involves fission and 

conversion of disulfide linkages to sulfonic acid groups (18). KOS is commonly extracted 

using oxidative chemistry; one common method is peracetic acid extraction (32, 34, 48-51).  

Oxidative extraction reduces the cysteine/thiol content of the source keratin, which 

cleaves disulfide bonds and converts the resulting sulfhydryl groups into sulfonic acid (18). 

KOS loses its ability to spontaneously self-assemble through formation of disulfide bonds. 
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However, the resulting material easily wets and can form an elastic solid-like hydrogel, and 

upon wetting the lyophilized material reverts to a hydrogel (18). It has been demonstrated 

that increasing oxidation increases the rate at which KOS is degraded (46).  The process of 

Figure 1.1 Structure of human hair and potential biomedical applications of 
keratin (Images are used with permission from CSIRO Publishing or under fair  use  of 
Gray’s  Anatomy  2018)  

© Copyright CSIRO Australia
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oxidative extraction leads KOS to erode more quickly than KTĀ, which is extracted using 

reductive  chemistry preserving thiol groups allowing reformation of disulfide bonds (25, 

51). Using a combination of KOS and KTĀ degradation can be fine-tuned by varying ratio of 

KT� to KOS (51).  The capability to control erosion is useful for applications such as drug 

delivery (25, 26). The reason KOS degrades more rapidly than KT� is typically explained by 

the diminished capacity to form disulfide bonds. Han et al.  have shown that that altering 

thiol content through alkylation of human hair keratin (25) directly alters the degradation 

rate of keratin biomaterials. Capacity to form disulfide bonds is likely the key contributor to 

material degradation. Observations with scanning electron microscopy have shown that 

upon drying the KOS hydrogels from wool, they form interconnected pores which are 

conducive to cell infiltration and tissue regeneration (32, 36, 51). Pore size ranges from 20-

100 μm and fiber diameter between 2-20μm (51). In solution or in a hydrogel, KT� is more 

elastic and less viscous than KOS due to the presence of disulfide bonding (28). In the 

absence of a chemical cross-linker, KOS at 12% (wt/vol) has elastic moduli around 100Pa, 

which is more suitable for cell cultivation (28). Under compressive stress KOS has less 

mechanical strength than KT� (51). These differences in rheology make KOS more suitable 

for certain applications compared to KT� and vice versa. Mixing different amounts of KOS 

and KT� can be used to control the extent of disulfide crosslinking, thus altering the 

material’s rheological properties and tailoring it to a specific application such as drug 

delivery (51). 

1.3.2 Biomedical Applications 

1.3.2.1 Tissue Compatibility  

A number of studies examined the tissue compatibility of KOS with  a variety of cell 

types: THP-1 monocytes, fibroblast, HUVECs, human skeletal muscle myoblast (hSMM), 

schwannoma cells, neonatal rat cardiomyocytes, and hCSCs (18, 24, 26, 28, 32, 36, 46, 51). 

�o cell line reported cytotoxicity from being cultured in the presence of KOS biomaterials in 

the various formulations examined. 

A key consideration for a biomaterial is how the material will interact with blood. The 

way that a biomaterial reacts to blood will determine its suitability for distinct types of 

medical applications. The hemocompatibility of oxidized and native horn keratin were 
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analyzed based upon hemolysis ratio, platelet adhesion, and platelet activation (46). A 

biomaterial is considered hemocompatible if it meets the following criteria: no platelet 

adhesion, not thrombogenic, and not pro-inflammatory.  Additionally, the material or device 

should be technically functional and promote healing (52). Oxidized horn keratin showed 

good hemocompatibility with hemolysis values below 2% (46). Values below 5% are 

considered good hemocompatibility for novel biomaterials (53). Platelet adhesion and 

activation are typically used as the main intuitive factors for hemocompatibility of 

biomaterials (54). Platelet activation studies using rabbit blood demonstrated that platelets 

adhered to oxidized horn keratin but did not spread or aggregate at an elevated level (46), 

suggesting that the material is passivated with a thin layer of platelets. Additionally low 

levels of fibrin, a lack of platelet activation and no elevated levels of aggregation suggest that 

KOS is unlikely to cause a thrombus (46). These results were in agreement with cell culture 

results, which indicated that KOS decreased rate of M1 pro-inflammatory macrophages and 

increased level of anti-inflammatory M2 macrophages, indicating that KOS would likely be a 

good candidate for further investigation in vivo (55, 56).  

�akata et al. demonstrated that L929 fibroblasts could be cultured on KOS 

biomaterials (26). Guzman and Zhang both demonstrated that KOS is not cytotoxic (18, 46). 

Oxidized horn keratin showed no significant effect on viability or proliferation of 3T3 or 

HUVECs (46). Work in our lab also showed elevated levels of viability for c-kit+ hCSCs on 

KOS, and viability was maintained over three passages on the biomaterial (24). Other groups 

have also shown that KOS can maintain extended cell culture; Ham et al. observed no loss in 

viability over a time course of 7 days (51). These results all indicate that there is no adverse 

or cytotoxic response of any cell types in response to KOS.  

Studies performed in mice, rats, rabbits, and non-human primates did not show a 

negative or acute immune response to KOS biomaterials (18, 34-36, 57). In addition, KOS 

showed no negative response across a number of tissues and organ systems: skin, 

subcutaneous implantation, cardiac tissue, and nerve tissue (18, 35, 36, 58). Subcutaneous 

tissue implantations studies found that KOS integrated with host tissue (18). Histological 

analysis found that KOS was infiltrated by leukocytes and fibroblasts (18) and demonstrated 

bulk material angiogenesis and minimal fibrous encapsulation (18). The degradation profile 

of KOS follows a rectangular hyperbolic regression pattern of resorption of the material (18) 
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and within 8 weeks, 92% of the material was degraded (18). Further, KOS was found to have 

superior tissue integration to 90:10 PLGA mesh (18).  The source of the keratin material also 

did not seem to impact the tissue response; oxidized horn demonstrated comparable results 

to the human hair keratin. The material showed no obvious signs of inflammation or fibrosis 

at the later time points and no signs of being toxic such as cell lysis or tissue destruction (46). 

Both studies indicate excellent tissue compatibility for subcutaneous implantation of KOS 

biomaterials extracted from horn or human hair (46, 50). The biocompatibility of KOS 

certainly seems to be no barrier to further investigation, making it an excellent candidate for 

many biomedical applications. 

 

1.3.2.2 Controlled Drug and Growth Factor Release  

Controlling the delivery of a therapeutic agent is an attractive technique to supply 

engineered amounts of the treatment for a prolonged timeframe to a targeted site of injury 

or disease. This is a challenge for traditional drug delivery methods such as ingestion of pills 

or injection of the drug in an aqueous solution. Controlled release is particularly important 

when dealing with bioactive agents like growth factors or cytokines, which can be sensitive 

to processing treatments. KOS biomaterials have shown capability as a carrier system for 

drug release and controlled delivery.  

A pair of studies by Han et al. and Āakata et al. showed that altering the thiol content 

of keratin biomaterials by mixing KOS and KT� modifies the release time of drugs (25, 26). 

Decreasing thiol content can be achieved by mixing KT� and KOS (51) or by chemical 

modifications such as iodoacetamide treatment. Both processes alter the amount of thiol 

groups available to form disulfide bonds, thus altering the release rate of the drug or growth 

factor of interest (25). KOS is an excellent material for drug release demonstrated by studies 

with recombinant human insulin-like growth factor-1 (rhIGF-1), recombinant human bone 

morphogenic protein-2 (rhBMP-2), and ciprofloxacin (28, 51). Drug release for ciprofloxacin 

shows a strong correlation with degradation of the hydrogel; and therefore, it is likely that 

the release of any number of small molecules with electron withdrawing groups would be 

regulated primarily by degradation of KOS hydrogel and unlikely due to the simple diffusion 

from the material (50, 59). These studies also demonstrated that KOS biomaterials were 

suitable  for  the   release   of   both  low  molecular  weight  drugs  (ciprofloxacin)  and  high 
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molecular weight growth factors (rhIGF+rhBMP-2).  

A study conducted by Peyton et al. examining drug release properties of KOS 

hydrogels in vivo investigated delivery of the antibiotic halofuginone in a cecal abrasion 

model of female Sprague Dawley rats (59). KOS halofuginone hydrogel-treated rodents had 

fewer and less dense abdominal adhesions, compared to the halofuginone and negative 

controls (59).  Low or undetectable levels of halofuginone throughout the body indicate that 

KOS has the ability to localize the drug to the delivery site (59).  Additionally, the sustained 

release of the antibiotic is due to the degradation of the KOS hydrogel, which is consistent 

with the results from in vitro studies by Saul et al., where KOS hydrogels released 60% of 

loaded ciprofloxacin over the first 10 days and continued release was detectable over the 

course of 3 weeks (50). Released ciprofloxacin was bioactive, inhibiting growth of 

Staphylococcus aureus for 23 days in vitro and for 2 weeks in a mouse subcutaneous model 

(50). These results suggest that KOS-halofuginone hydrogel would be a feasible therapeutic 

barrier as well as a controlled delivery system of antibiotic for preventing postoperative 

bacterial adhesions. 

 

1.3.2.3 Dermal Wound Regeneration 

As the outer layer of tissue, skin is composed primarily of collagen, elastin, and 

various other proteins, and it provides a physical barrier to protect underlying tissues and 

organs. Burns and other injuries to the skin require medical interventions in the form of a 

skin graft or other biomaterial. Park et al. investigated the ability of KOS to aid in 

regeneration of full dermal thickness wound healing (27).  KOS was able to enhance 

vascularization, collagen deposition, and fibroblast infiltration compared to hydrocolloid 

wound dressing and a control that received no treatment. Evaluation of Masson’s trichrome 

staining early in the healing process (Day7) demonstrated enhanced vascularization, 

collagen deposition, and fibroblast infiltration for the KOS-treated group (27). Lower 

number of fibroblasts at latter time points in the KOS-treated group compared to the 

negative and positive controls suggested less adverse wound healing (27, 58). Additionally, 

the injury size was smaller in the KOS group compared to the negative control (27). The 

results demonstrated that improved wound healing by KOS was achieved by earlier 

fibroblast infiltration, collagen production, and enhanced vascularization. In Figure 2 of 
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Park’s study, the orientation of the treatments in images A, B, and C do not match (27). It 

seems that the groups were mislabeled or that the same mouse was not used for each time 

point. It should also be mentioned that a paper was published investigating the use of 

enzymatically digested mouse fur in a full skin thickness injury model of mice, but since this 

study did not specifically use KOS, the finding was not discussed in this review (60). KOS 

biomaterials have also been tested in more complex applications that necessitate 3-

dimensional scaffolds and innervation of tissue. 

 

1.3.2.4 Skeletal Muscle Regeneration 

Skeletal muscle is a tissue composed of multinucleated contractile cells which are 

critical for locomotion. Some research has investigated the potential of KOS for skeletal 

muscle regeneration (28). In vitro data demonstrated that hSMM cell viability could be 

maintained after encapsulation in KOS hydrogels (28). Cell proliferation and adhesion 

showed that all KTĀ  and KOS conditions was comparable to other cell culture conditions 

(TCPS/collagen/Matrigel) (28). Additionally, alpha KOS, gamma KOS, and alpha KTĀ were 

shown to promote the number of multinucleated cells when compared to biomaterial 

controls (Matrigel and collagen) (28). The presence of more multinucleated cells is indicative 

of a more mature skeletal muscle phenotype (61). Cells cultured on alpha KOS and alpha KT� 

led to more ordered structure consistent with skeletal muscle and no aberrant morphology 

(28).  

The same study examined the effects of subcutaneous implantation of KOS and 

muscle progenitor cells (MPCs) in C57/BL6J mice (28). Histological assessment of KOS 

implants showed no significant immune response to the implants (28). Cells within the 

hydrogels had morphologies consistent with MPCs, and addition VEGF to the constructs 

promoted formation of vascular tissue (28).  

Two studies examined the combined KOS and KT� hydrogels’ regenerative capability 

in models of volumetric muscle loss. Both studies used a 70:30 blend of KOS and KT� 

hydrogel, with or without the combination of growth factors (IGF+bFGF) and MPCs (29, 30).  

The first study conducted by Baker et al. was a mouse model of volumetric muscle loss 

induced by surgery in the latissimus dorsi (LD) (30). Results showed greater force 

generation by the group treated with keratin IGF + bFGF (30).  They also determined that 
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there was no significant benefit by supplementing the keratin hydrogels with MPCs (30). 

Histological analysis demonstrated that keratin hydrogels and keratin hydrogels + IGF + 

bFGF had a greater regenerative effect than the control and bladder acellular matrix (BAM) 

groups, indicated by higher levels of regenerative muscle fibers (measured with H&E) and 

less fibrotic tissue (Masson’s trichrome) (30). IHC results determined that there were more 

myosin positive cells in the surgical defect region for the two keratin groups as well (30).  

The second study, headed by Passipieri, examined a rat model of volumetric muscle loss in 

the tibialis anterior muscle (29). They tested the same keratin experimental groups, and 

among the groups examined, keratin hydrogels with both bFGF and IGF showed the greatest 

improvement for all time points examined (29). Histological results demonstrated that all 

keratin hydrogel-treated groups had a significantly higher number of central nuclei positive 

cells indicating more robust skeletal muscle regeneration than BAM or no repair groups. 

Masson’s trichrome stain further revealed that there was significantly less fibrotic tissue in 

the keratin-treated groups than the BAM and no repair groups (29).  

The results of these in vitro and in vivo studies merit further investigation of KOS/KT� 

based hydrogels for regenerative applications involving volumetric muscle loss.  Further 

research in large animal models of volumetric muscle loss is the logical next step for these 

studies before launching into clinical trials. Based upon current evidence, it seems that the 

most logical course would be to investigate the use of keratin hydrogels for sustained release 

of growth factors and for use as a scaffold material for cellular infiltration and regeneration 

of injured tissue. Additionally, more work should be done to determine if higher numbers of 

cells would improve the efficacy of co-delivery of combination therapies of keratin hydrogels 

and MPCs. Interestingly, neither animal study used magnetic or fluorescent cell sorting to 

purify for satellite muscle cells (29, 30). The use of a defined cell population that utilized 

enrichment for known satellite cell markers such as Pax3 or Pax7 (62) via MACS/FACS could 

potentially provide a greater therapeutic benefit than keratin or keratin and growth factors 

alone. A common injury that coincides with or causes volumetric muscle loss is peripheral 

neuropathy (63-66), and a number of studies have used KOS to treat this disorder. 

 

1.3.2.5 Peripheral Nerve Regeneration 

The  functional  unit  of  the  nervous  system  is  the neuron (31).  Peripheral  nervous 
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tissue is composed of two main divisions: motor and sensory. Motor nerves can be further 

broken down into somatic (voluntary) and autonomic (involuntary) motor neurons (31). 

Āerve regeneration is the most extensively studied biomedical application of KOS 

biomaterials. A study conducted by Sierpinski et al. examined in vitro cell culture of a 

schwannoma cell line (RT4-D6P2T) in the presence of KOS and measured proliferation, 

migration, adhesion, and gene expression (32). Results showed that KOS induced a 

statistically significant increase in proliferation for all but the highest concentration of KOS 

when compared to FBS containing basal medium (32). KOS also improved cell migration, 

attachment and up-regulated S100Ā (a binding protein responsible for homeostasis and 

normal glial cell function), and CD104 (important for Schwan cell axon interaction) (32). 

Given the improved viability, migration, and gene expression consistent with healthy nerve 

function, KOS was considered a promising biomaterial for nerve regeneration and warranted 

further investigation.  

KOS peripheral nerve regeneration was evaluated in a number of animal models 

including mice, rats, rabbits, and non-human primates (32, 34, 35). In these studies, 

peripheral nerve damage was induced by surgically creating defects 4mm-3cm in either the 

sciatic nerve (rats), tibial nerve (mice and rabbits), or the wrist (macaques) (32-35). 

In Sprague Dawley rats, KOS demonstrated the ability to enhance Schwan cell (SC) 

function (33). In nerve conduits containing KOS, migration of Schwan Cells (SCs) occurred 

earlier and the differentiation of SCs from the proximal nerve end was enhanced compared 

to saline and Matrigel filled conduits (33). KOS conduits also showed faster SC 

dedifferentiation, myelin debris clearance, and decreased macrophage infiltration during 

Wallerian degeneration of distal nerve tissue (33).  The rat study shows that the interactions 

between KOS proteins and P�S cells enhance early peripheral nerve injury recovery. Data 

seems to indicate that KOS promotes debris clearance via SC activation at the distal stump of 

the injury site, and KOS is permissive for growth cone advancement (33). For mice treated 

with KOS, all animals showed visible nerve regrowth at 6 weeks compared to 50% of empty 

Silastic conduits (32). Additionally, there was a greater increase in nerve area and axon 

density in the KOS-treated group than the empty conduit or autograft group (32). In rabbit 

studies conducted by Hill et al., KOS-treated rabbits had less muscle atrophy than autograft 

or empty conduit (not significant), a statistically significant increase in myelin thickness 



13 
  

compared to empty conduit, and larger nerve area and total axons per nerve than the empty 

conduit (not significant) (34). Āerve function studies showed that KOS-treated rabbits had a 

statistically significant increase in amplitude and less nerve conduction delay than both 

autograft and empty conduit (34). KOS also enhanced nerve regeneration in non-human 

primates (35). KOS hydrogel showed significant improvement in return of compound motor 

action potential, latency, and recovery of nerve conduction velocity compared to saline 

treatment (35). The KOS-treated non-human primates also showed significantly larger nerve 

area and myofibril density than the saline control (35). Human hair-derived KOS did not 

instigate an inflammatory response in any of the animal studies (32-35). 

The success of KOS in several animal models of peripheral nerve regeneration, 

including non-human primates, indicates that KOS is a strong candidate for use in subcritical 

peripheral nerve injury. Further research in this area should use an animal model, such as 

pigs, to create a more appropriate size match before going forward with clinical trials (67). 

Further investigations should use KOS hydrogels in applications beyond a nerve conduit 

filler. KOS has shown potential in drug and cell deliver in other regenerative medicine 

applications, future studies should examine these applications in nerve regeneration. 

Additionally, detailed studies of what cell signaling pathways are involved in KOS hydrogel 

mediated nerve regeneration will be critical to understand and enhance the therapeutic 

capability of KOS hydrogel based therapies. 

 

1.3.2.6 Cardiac Regeneration 

The action of pumping blood is mediated by the contraction of cardiomyocytes;  

consistent and constant function is key to life (68). As a result of various pathologies such as 

MI, CMs are lost through apoptosis and replaced by fibrotic remodeling (36, 68-73). This 

process leads to cardiac dysfunction, morbidity and eventually death. Cardiomyocyte loss 

and pathological remodeling can be diminished by providing a scaffold in the form of 

injectable hydrogels or other biomaterials (68). 

In a study conducted by Shen et al., injectable KOS hydrogels are explored as a 

potential biomaterial to minimize loss of cardiomyocytes, negative remodeling, and promote 

regeneration. The study examined the characteristics of KOS hydrogels in vitro and in vivo 

(36). To assess the feasibility of KOS for cardiac applications, they examined the effect of 
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culturing neonatal rat cardiomyocytes (�RCM) from Sprague Dawley rats in KOS hydrogels, 

and measuring cell behavior with various microscopy and molecular biology techniques 

(36). �RCMs are commonly used to evaluate biomaterial potential for cardiac applications 

(69, 73). �RCMs cultured in KOS hydrogels exhibited normal cell morphology, significantly 

superior migration, and superior viability compared to �RCMs in basal medium (36). KOS 

hydrogels also afforded �RCMs the ability to distribute three dimensionally (36). Gene 

expression analysis demonstrated statistically higher expression of cardiac specific genes 

(36). Additionally, KOS hydrogels were able to improve left ventricular ejection fraction 

(LVEF) and fractional shortening (FS), while these parameters declined for the saline treated 

rats (36). Further, KOS prevented left ventricular dilation, preserved more viable tissue, and 

reduced scar size (36). Perhaps most intriguing IHC analysis found that injected KOS 

hydrogels were infiltrated with CMs and promoted revascularization of damaged tissue 

without inducing an adverse immune response (36). KOS degraded steadily, and by day 28, 

50% of the gel remained (36). Western blot analysis revealed increased secretion of TGF-Ⱦ, 

�GF, and BMP4 (36). Results of this study demonstrate that KOS hydrogels significantly 

improved preservation of infarct cardiac tissue function and morphology compared to the 

saline control. Additionally, KOS hydrogels seemed to promote greater regeneration of the 

infarct region by allowing infiltration of vascular tissue and cardiomyocytes, all without 

inducing acute inflammation. This study indicates that KOS hydrogels are an excellent 

biomaterial candidate for cardiac regenerative therapies. 

A reasonable course for future study would be to inspect the efficacy of KOS hydrogels 

in additional small animal models such as mice. Additionally, it would be interesting to 

examine co-administration of KOS hydrogels with growth factors and/or cells. Based upon 

KOS hydrogel studies in other tissues, using KOS for controlled delivery of growth factors or 

cells could increase the regenerative capability of this therapy (26, 29, 30, 59, 74). 

 

1.4 Stem Cells in Cardiovascular Research 
Extensive research has investigated for use in cardiomyopathies, much of which has 

focused on cell therapies for left ventricle dysfunction. A review by  James Chong succinctly 

summarizes many approaches and their clinical benefits (5). Stem cell based therapies fall in 
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clinical practice fall in one of two categories, non-resident cardiac stem cells, and cardiac 

stem cells. Āon-resident cardiac stem cells investigated in either clinical trials or pre-clinical 

trials include: skeletal muscle myoblasts (SKM), bone marrow mononuclear cells (BMM�Cs), 

bone marrow mesenchymal stem cells (BM-MSCs), endothelial progenitor cells (EPCs), 

adipose MSCs, embryonic stem cells (ESCs), and induced pluripotent stem cells (iPSCs). 

Cardiac stem cells include: side populations cells, c-kit+ cells, cardiosphere derived cells, 

Sca1+ cells, Isl1+ cells, and epicardial derived cells (EPDCs). Each cell type comes with 

benefits and potential drawbacks. 

 

1.4.1 Non-Resident Cardiac Stem Cells 

Clinical trials examining non-resident cardiac stem cells have provided mixed results. 

Early studies examining SKM found that they induced arrhythmias, BMM�Cs and MSCs were 

able to improve cardiac function at early time points, but this effect was lost in most trials 

after 12 months to 5 years, and neither cell type has offered convincing evidence that they 

significantly contribute CMs to the injured heart (5). ESCs and iPSCs are the only non-

resident cardiac stem cells that definitively can differentiate into CMs and offer great 

potential in a variety of regenerative therapies (5, 75-78). Pluripotent cells are not without 

their own drawbacks, both cell types have been shown to generate tumors (79-81). ESCs and 

iPSCs have also shown issues with immune rejection (5). ESCs additionally have ethical 

issues since they are sourced from human embryos. 

 

1.4.2 Resident c-kit+ Human Cardiac Stem Cells 

C-kit+ hCSCs are resident cardiac stem cells that exhibit basic stem cell properties 

(self-renewing, clonogenic, and multipotent) as well as an ability to differentiate into all 

cardiovascular lineages (8, 12). These cells are variously postulated to arise at various time 

points and from different compartments during cardiac development (10), but adult hCSCs 

are primarily derived from the epicardial niche (82). Āumerous publications have previously 

demonstrated that c-kit+ hCSCs can be differentiated into three cardiac lineage cell types (i.e., 

CMs, ECs, and VSMCs) in both in vitro and in vivo settings (8, 14, 83-85); however, whether 

hCSCs are able to differentiate into CMs after transplantation is still under debate (10). 

Although the functional contribution of c-kit+ hCSCs to in vivo cardiomyocyte turnover is one 
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of the centrally debated issues concerning their regenerative potential (7, 10), plentiful 

preclinical and clinical studies have provided enormous evidence to demonstrate their in 

vitro abilities of cardiac lineage differentiation (i.e., cardiomyocytes-CMs, endothelial cells-

ECs, and VSMCs) as well as in vivo capacity to improve cardiac function following 

transplantation (7, 8, 11-14). Regardless of differences between in vitro and in vivo studies 

of c-kit+ hCSCs, the major challenges described above still remain to be solved for all stem 

cell-based therapies (6, 11, 12, 14).   

 

1.5 Vascular Smooth Muscle Cells 
1.5.1 Origin and Cell Phenotypes 

VSMCs have several origins during embryo development (86). Research by Amali et 

al. found that in zebrafish vasculogeneisis is initiated invagination of epiblastic cells through 

primitive streak and formation of mesoderm during gastrulation (87). Upon formation of a 

functional vascular network angiogenesis recruits VSMCs via PDGF-BB and refines the 

existing vessels (88). Embryonic origin of VSMCs is largely dependent upon the stage of 

development and the location of vascular tissue at the time of development. For instance, 

proximity of epicardial progenitors to the coronary arteries during development produce 

VSMCs of the coronary arteries, and sclerotome somites produce dorsal aorta VSMCs (89-

91). Literature reviews of the origins of VMSC have compiled research demonstrating similar 

developmental origins of VSMCs from the secondary heart field, neural crest, pleural 

mesothelium, splanchnic mesoderm, and nephrogenic stromal cells (86, 92).  

While there has been a decent body of work investigating VSMCs origins there are 

still features of these cells that confound researchers. Many issues occur when observing 

adult VSMCs, due to the plasticity of the cell phenotype in vivo. �ormal VSMCs in the vessel 

wall are characterized by their contractility, low motility and proliferation, but they are 

sensitive to external stimuli. Growth factors, low levels of oxygen, and/or inflammation can 

cause VSMCs to lose contractility, become proliferative and motile. This cell phenotype 

known as a synthetic VSMC. If unchecked this phenotypic switch leads to atherosclerosis and 

cardiovascular pathologies (93). Additional examples of VSMC plasticity include TGF-Ⱦ1 

mediated endothelial to mesenchymal transition (EMT) (94, 95), and differentiation 
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induction of  bone marrow stem cells (96, 97) both producing cells with phenotypic 

characteristics of VSMCs. 

 

1.5.2 Signaling Pathways Regulating VSMC Differentiation 

1.5.2.1 Integrin Signaling 

Integrins are transmembrane heterodimers, and the primary receptor proteins that 

bind and respond to elements of the ECM (98). Integrin plays a key role in VSM 

differentiation by stretch activation of TGF-Ⱦ1 and co-factor crosstalk with downstream TGF-

Ⱦ1 signaling (99-101) (Figure 1.2). Some of the key co-factors involved in both integrin and 

TGF-Ⱦ1 signaling include: myocardin related transcription factor (MRTF), serum response 

factor (SRF), and myocardin (Myocd). MRTF is a transcriptional cofactor activated by 

RhoA/ROCK signaling, which is involved in regulation of TGF-Ⱦ1 initiated EMT (102). SRF is 

a highly conserved regulator of cytoskeleton and contractile actin. In conjunction with TGF-

Ⱦ1 signaling, SRF, MRTF, and Myocd play a crucial role in homeostasis of contractile actin for 

smooth muscle cells (103). SRF binds the upstream CArG elements (CC(A/T)6GG) for VSM 

contractile protein genes such as Ƚ-smooth muscle actin (Ƚ-SMA) and smooth muscle myosin 

heavy chain (SMMHC) (103-106). Inhibiting SRF or Myocd can decrease contractile 

phenotypes in smooth MPCs (106, 107). Through these mechanisms, integrin plays a direct 

role in maintaining mature contractile VSMCs alongside TGF-Ⱦ1 signaling. 

 

1.5.2.2 TGF-  

TGF-Ⱦ1 is a member of the TGF-Ⱦ superfamily which includes three variants of TGF-Ⱦ 

(TGF-Ⱦ1,2,3) and a number of other proteins (108). It is a potent regulator of several cellular 

functions, such as cell spreading and proliferation and is strongly related with VSM 

differentiation in a variety of stem cells (109-112).  TGF-Ⱦ1 upon binding to its receptor 

complex, transforming growth factor-Ⱦ receptor 1 and 2(TGFBR1/TGFBR2) canonical SMAD 

signaling is activated (113-118). This signaling pathway produces a mature VSMC phenotype 

associated with contractility, minimal ECM deposition, lower proliferation, and low cell 

motility (119). While many processes are crucially important to VSMC recruitment and 

maintenance of phenotype TGF-Ⱦ1 is the key player in producing mature VSMCs. Of the 
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various methods used to induce smooth muscle differentiation in vitro TGF-Ⱦ1 signaling is 

certainly among the most commonly reported (111, 114, 120-122). TGF-Ⱦ1 has been 

observed to produce VSMC differentiation in ESCs and adult stem cells (111, 119, 123, 124), 

by increasing expression of VSMC proteins involved in cell contractility (125-127). 

Additionally, the manner in which TGF-Ⱦ1 is secreted from cells and its association 

with ECM is also critically important to VSMC, maintenance and differentiation. TGF-Ⱦ1 is 

translated as an inactive form known as Pro-TGF-Ⱦ1 (128) which consists of LAP +TGF-Ⱦ1. 

This pro-peptide is packaged and processed in the rough endoplasmic reticulum and Golgi 

apparatus (128) to form the small latent complex (SLC) composed of LAP + TGF-Ⱦ1 bound by 

noncovalent bonds. The complex is further bound to LTBP-1 to the LAP via a covalent bond 

to form the Large Latent Complex (LLC) (113). After formation LLC is then excreted from the 

 

Figure 1.2 Key vascular smooth muscle differentiation pathways: Integrin, TGF- 1, and 
PDGF-BB signaling pathways 
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cell and then is bound by fibrillin and fibronectin in the extra cellular matrix (ECM) (113). 

The LLC can be releases TGF-Ⱦ1 via various mechanisms including mechanical stretch via 

integrin’s, or by proteolysis (99-101). 

 

1.5.2.3 PDGF-BB Signaling 

Platelet-derived growth factor-BB is the ligand (PDGF-BB) for Platelet-Derived 

Growth Factor Receptor-Ⱦ (PDGRF-Ⱦ) a tyrosine kinase receptor. PDGF-BB and its receptor 

PDGFR-Ⱦ are crucial in cardiovascular development. PDGRF-Ⱦ is expressed by mural cells 

(VSMCs and pericytes), PDGF-BB is concentrated to the developing endothelium and 

functions recruit mural cells to the developing vascular structure (129). PDGF-BB has been 

widely reported to play a critical role in VSMCs proliferation, recruitment and migration (88, 

130-134). During development PDGF-BB plays an important role in producing contractile 

VSMCs, and this has been demonstrated both in vivo (135), and in vitro (136-139). During 

development PDGF-BB works alongside histone deacetylase 7 (HDAC7) to direct 

differentiation through histone modification (139, 140). Interestingly in mature VSMC and 

adult stem cells PDGF-BB promotes a synthetic phenotype and is commonly associated with 

atherosclerosis (132, 133). Features associated with PDGF-BB activated VSMCs include: 

hypertrophy, increased proliferation, low contractility, and increased ECM deposition (131, 

141). 

 

1.6 Summary and Overall Experimental Design 
1.6.1 Summary 

Keratin based biomaterials and KOS specifically represent a burgeoning material 

source in biomedical research. KOS based materials have not caused an acute immune 

response in any of the studies we found reported in the literature. These studies include a 

wide range of biomedical applications including drug release studies and several tissue 

engineering applications. Āovel formulations of KOS based biomaterials allow for better 

control of material degradation and strength, which have expanded the use of these 

materials for purposes such as drug and cell delivery. Such advances have made KOS suitable 

for complex tissue engineering applications. 
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Still, there are limitations of both the KOS material and the scope of research that has 

been conducted. KOS does not spontaneously self-assemble like KT� due to the oxidation of 

cysteine, which diminishes its ability to form disulfide bonds. Techniques to impart greater 

mechanical strength in KOS have been investigated by our lab using a natural chemical cross 

linker (genipin) (24), but more research is needed in this area. Other researchers have 

examined combinations of KOS and other biomaterials to increase its mechanical strength 

(45, 142). The use of KOS hydrogels combined with other material, chemical, and/or 

enzymatic cross linkers can enhance the mechanical strength and broaden the range of 

applications for KOS based biomaterials.  

Further, exploration into the complex interactions of cells and tissues with KOS are 

needed to optimize and take advantage of the inherent biocompatibility of the KOS material. 

Detailed studies of the interactions of KOS with bioactive compounds such as growth factors 

like BMP-2 are necessary to understand the mechanisms behind these interactions. Selecting 

a few key growth factors and examining the biochemistry behind these interactions would 

be very useful to aid in the design of KOS based materials and select applications for which 

KOS would be particularly well suited. Detailed binding studies and examination of 

downstream signaling triggered by these interactions will allow researchers to engineer 

more materials that are precisely applicable to induce desired regenerative outcomes at the 

molecular level. 

Another area that we found lacking was there were no studies in large animals, which 

would be useful in translation to human trials. Skeletal muscle and nerve regeneration are 

the two applications that could benefit tremendously from studies in large animals such as 

pigs. A larger animal would be a better size match and thus more anatomically comparable 

with humans. If KOS based regenerative approaches have success in larger animal models, 

then both skeletal muscle and peripheral nerve regeneration would become very strong 

candidates to move forward into human clinical trials. 

Stem cell based therapies used in clinical practice fall in one of two categories, non-

resident cardiac stem cells, and cardiac stem cells (5). �on-resident cardiac stem cells 

investigated in either clinical trials or pre-clinical trials include: SKM, BMMĀCs, BM-MSCs, 

EPCs, adipose MSCs, ESCs, and iPSCs. Cardiac stem cells include: side populations cells, c-kit+ 

cells, cardiosphere derived cells, Sca1+ cells, Isl1+ cells, and EPDCs. Each cell type comes with 
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benefits and potential drawbacks. While many cell types have been extensively investigated 

to regenerate vasculature in ischemic tissue, VSMCs (a major component of vascular tissue) 

has only been sparsely used to treat these disorders. 

In the present study, we hypothesize that KOS hydrogel are able to maintain c-kit+ 

hCSC culture and to promote the preferred differentiation of VSMCs via interactions between 

KOS and TGF-Ā1 receptor, while increased blood flow in ischemic hind limb may be related 

with increased revascularization following transplantation of VSMCs. Three Aims were 

proposed below to examine the hypothesis.       

  

1.6.2 Overall Experimental Design 

1.6.2.1 Aim 1 (CHAPTER 2) 

The goal of the first study was to determine the effects of KOS hydrogels on c-kit+ 

hCSC, viability, proliferation, morphology, and differentiation compared against a standard 

tissue culture poly styrene (TCPS) dish. Cell viability was measured with live dead assays, at 

days 1, 3 and 5 of culture. The same conditions were used for c-kit+ hCSC proliferation, and 

morphology. Cell viability was equally high on both TCPS and KOS hydrogels, but 

proliferation and morphology were altered. Differentiation was induced with and without 5-

Azacytidine (5-Aza) and measured at days 28 after induction. Differentiation was analyzed, 

by measuring genes and protein expression markers specific to cardiomyocyte, endothelial 

and VSM cell phenotypes.  On TCPS c-kit+ hCSCs differentiated toward a cardiomyocyte 

lineage as expected with 5-Aza induction, but on KOS hydrogels they preferentially 

differentiated toward VSMCs. This study demonstrated that KOS hydrogels could culture c-

kit+ hCSCs, and alter their differentiation towards a VSMC phenotype. 

 

1.6.2.2 Aim 2 (CHAPTER 3) 

The goal of the second study was to determine potential mechanisms behind the 

differentiation pattern of c-kit+ hCSCs on KOS hydrogels. To accomplish this, we developed a 

protocol to produce VSMC differentiation on TCPS using rhTGF-Ⱦ1. Results demonstrated 

that c-kit+ hCSCs could produce a similar phenotype on TCPS when supplemented rhTGF-Ⱦ1. 

We then measured the differentiation time-course and contractility of c-kit+ hCSCs on TCPS 

and KOS hydrogels during a 28 day period of time using three VSMC protein markers, and a 
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collagen lattice assay. These experiments showed dramatic increases for all markers on KOS 

hydrogels without supplementing TGF-Ⱦ1, and that the KOS differentiated cells were more 

contractile. Additionally, we measured TGF-Ⱦ1 and its associated proteins during the course 

of differentiation. TGF-Ⱦ1 and its associated proteins were seen both on TCPS and KOS 

hydrogels. To demonstrate that TGF-Ⱦ1 was responsible for VSMC differentiation on KOS 

hydrogels we used inhibitory small molecules and neutralizing antibodies (ĀABs) against 

TGF-Ⱦ1 signaling. Our experiments show that both methods of inhibiting TGF-Ⱦ1 drastically 

decreased VSMC phenotype on KOS hydrogels. 

 

1.6.3.2 Aim 3 (CHAPTER 4) 

The main goal of this study is to determine the therapeutic potential of KOS hydrogel-

derived VSMCs (Cells from KOS). We induced hind limb ischemia in 3 groups (n=15/group) 

of adult mixed gender non-obese diabetic Severely combined immunodeficient Gamma mice 

(�OD SCID Gamma/ ĀSG) by excising the femoral artery and vein, and then treated the mice 

with PBS, Cells differentiated on TCPS (Cells from TCPS), or Cells from KOS. Blood perfusion 

of the hind limbs was measured immediately before and after surgery, then 14, and 28 days 

after surgery using Laser Doppler analysis. Tissue vascularization, cell engraftment, and 

skeletal muscle regeneration were measured using immunohistochemistry, DiL vessel 

painting, and hematoxylin and eosin (H&E) pathohistological staining. During the 4-week 

period, both cell treatment groups showed significant increases in blood perfusion 

compared to the PBS-treated control, and at day 28 the Cells from KOS group had 

significantly better blood flow than the Cells from TCPS group. Additionally, the Cells from 

KOS group demonstrated a significant increase in the ratio of DiL positive vessels, capillary 

density, and a greater number of small diameter arterioles compared to the PBS-treated 

group. Further, both cell-treated groups had similar levels of engraftment into the host 

tissue. We conclude that Cells from KOS therapy increases blood perfusion in an �SG model 

of CLI, but does not lead to increased cell engraftment compared to other cell based 

therapies.  

The short-term goal of this study is to investigate both in vitro and in vivo effects of 

KOS hydrogel on c-kit+ hCSC culture, proliferation, differentiation, therapeutic potentials to 

treat ischemic hind limb, as well as to explore the mechanisms underlying the preferred-
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VSMC differentiation. The long-term goal is to develop KOS-based stem cell therapy to treat 

ischemic diseases, such as heart attack or peripheral artery diseases.  
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CHAPTER 2: KERATOSE HYDROGELS PROMOTE VASCULAR SMOOTH 

MUSCLE DIFFERENTIATION FROM C-KIT POSITIVE HUMAN CARDIAC 

STEM CELLS 
 

2.1 Abstract  
Stem cell-based therapies have demonstrated great potential for the treatment of 

cardiac diseases, e.g., MI; however, low cell viability, low retention/engraftment, and 

uncontrollable in vivo differentiation after transplantation are still major limitations, which 

lead to low therapeutic efficiency. Biomaterials provide a promising solution to overcome 

these issues due to their biocompatibility, biodegradability, low/non-immunogenicity, and 

low/non-cytotoxicity. The present study aims to investigate the impacts of KOS hydrogel 

biomaterial on cellular viability, proliferation, and differentiation of c-kit+ hCSCs. Briefly, 

hCSCs were cultured on both KOS hydrogel-coated dishes and regular tissue culture dishes 

(TCPS control). Cell viability, stemness, proliferation, cellular morphology, and cardiac 

lineage differentiation were compared between KOS hydrogel and the TCPS control at 

different time points. We found that KOS hydrogel is effective in maintaining hCSCs without 

any observable toxic effects, although cell size and proliferation rate appeared smaller on the 

KOS hydrogel compared to the TCPS control. To our surprise, KOS hydrogel significantly 

promoted VSMC differentiation (~72%), while on the TCPS control dishes, most of the hCSCs 

(~78%) became cardiomyocytes. Further, we also observed “endothelial cell tube-like” 

microstructures formed by differentiated VSMCs only on KOS hydrogel, suggesting a 

potential capability of the hCSC-derived VSMCs for in vitro angiogenesis. To the best of our 

knowledge, this is the first report to discover the preferred differentiation of hCSCs toward 

VSMCs on KOS hydrogel. The underlying mechanism remains unknown. This innovative 

methodology may offer a new approach to generate a robust number of VSMCs simply by 

culturing hCSCs on KOS hydrogel, and the resulting VSMCs may be used in animal studies 

and clinical trials in combination with an injectable KOS hydrogel to treat cardiovascular 

diseases. 
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2.2 Introduction 
Cardiovascular disease is the leading cause of death in the United States, and acute MI 

alone accounts for over 18% of all deaths associated with heart disease (143).  Stem cell 

therapy holds great promise for regenerative medicine, but the major challenges, such as cell 

death, uncontrollable in vivo differentiation, and inability of cells to successfully incorporate 

into the host tissue, limits the efficiency of stem cell-based therapy (6-8). C-kit+ hCSCs are 

resident cardiac stem cells that exhibit basic stem cell properties (self-renewing, clonogenic, 

and multipotent) as well as an ability to differentiate into all cardiovascular lineages (8, 9). 

Although the functional contribution of c-kit+ hCSCs to in vivo cardiomyocyte turnover is one 

of the centrally debated issues concerning their regenerative potential (7, 10), plentiful 

preclinical and clinical studies have provided enormous evidence to demonstrate their in 

vitro abilities of cardiac lineage differentiation (i.e., CMs, endothelial cells-ECs, and VSMCs) 

as well as in vivo capacity to improve cardiac function following transplantation (7, 8, 11-

14). Regardless of differences between in vitro and in vivo studies of c-kit+ hCSCs, the major 

challenges described above still remain to be solved for all stem cell-based therapies (6, 11, 

12, 14).    

Biomaterials possess several beneficial attributes, such as biocompatibility, 

biodegradability, low/non-immunogenicity, and low/non-cytotoxicity, to overcome the 

above issues (15). Keratin is a natural biomaterial that has all of the above beneficial 

properties. More importantly, this structural protein can be readily isolated from various 

tissues such as the hair and skin of animals or humans and easily produced in various 

formats (film, sponges, and hydrogels) (17). Over the last few decades, knowledge of keratin 

and its derivatives has significantly increased, especially in regard to their ultrastructure, 

molecular and cell biology, physiological and pathological roles, as well as their practical 

applications in drug delivery and cellular/tissue engineering in regenerative medicine (144). 

Due to its low/non-immunological response, keratin does not induce immune response, 

even in allogeneic or xenogeneic transplantation (17, 35). In vitro studies have shown that 

keratin can significantly enhance the colony-forming efficiency of human mesenchymal stem 

cells (20), regulate differentiation and proliferation of blastemal cells (21), modulate 

adhesion, proliferation, and differentiation of adipose-derived stem cells (22); and it was 
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even suggested as a potential stem cell marker (23). However, to date, no studies have been 

reported regarding the utilization of KOS hydrogels to culture c-kit+ hCSCs. The only in vivo 

study using a keratin-based hydrogel in repairing heart infarction is the rat model reported 

by Shen and colleagues (36), in which direct injection of keratin into infarct hearts was 

shown to significantly promote angiogenesis, preserve cardiac function, and attenuate 

ventricular remodeling compared to the vehicle control. Thus, it is important to understand 

the basic impacts of keratin on hCSC proliferation and differentiation.    

In the present study, we aim to examine whether KOS hydrogel is capable of 

maintaining hCSC culture and proliferation and how KOS hydrogel affects cardiac lineage 

differentiation compared to regular TCPS. Various techniques, including Live/Dead cell 

viability assay, cell proliferation assay, Real-time PCR, Western blot, and ICC were used in 

the study. Our long-term goal is to investigate the feasibility of using c-kit+ hCSCs in 

combination with KOS hydrogels as a new platform for stem cell differentiation and/or for 

biomaterial-based stem cell therapy to treat cardiovascular diseases. 

 

2.3 Materials and Methods 
2.3.1 Reagents  

All chemicals used in the present study are listed below unless otherwise stated 

elsewhere: 30% Bis Acrylamide Clarity ECL Western Blotting Substrate, and Laemmli Buffer 

(all from Bio-Rad, Hercules, CA), 5-Aza, Beta-mercaptoethanol (Ā-ME), Bovine Serum 

Albumin (BSA), Bradford Reagent, Erythropoietin (EPO), L-glutathione, Paraformaldehyde 

(PFA), and Peracetic Acid (all from Sigma-Aldrich, St. Louis, MO), Click-iT Plus EdU 

Proliferation kit (EdU), Ham F12 Āutrient Mixture, High Capacity cDĀA Reverse 

Transcriptase kit, Hoechst 33342 (Hoechst), Optimal Cutting Temperature Compound 

(OCT), Power SYBR Green PCR Master Mix, PageRuler Prestained Protein Ladder, 

Penicillin/Streptomycin (P/S), Radio Immunoprecipitation Assay Buffer (RIPA), Sodium 

Dodecyl Sulfate (SDS), Sucrose S5-500, TRIzol, Tris base, Trypan Blue, Calcein-AM, and 

Tween-20 (all from Thermo Fisher, Waltham, MA), basic Fibroblast Growth Factor (b-FGF) 

(PeproTech, Rocky Hill, ĀJ), Ethanol (Decon Laboratories, King of Prussia, PA), Fetal Bovine 

Serum (FBS) (JR Scientific, Woodland, CA), Genipin (Methyl (1S,2R,6S)-2-hydroxy-9-
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(hydroxymethyl)-3-oxabicyclo [4.3.0] nona-4,8-diene-5-carboxylate) (Wako Chemicals, 

Richmond, VA), Lyophilized KOS (Dr. Mark van Dyke, Virginia Tech), Phalloidin 488 (Santa 

Cruz Biotech, Dallas, TX), Porcine pancreatic elastase (elastase) (Worthington Biochemical 

Corporation, Lakewood, �J), Phosphate Buffered Saline (PBS) (Quality Biological, 

Gaithersburg, MD), and Vectashield Antifade Mounting Medium (Vector Laboratories, 

Burlingame, CA). Primers (see Table 2.1) and Antibodies (see Table 2.2) were purchased 

from various companies.  

 

2.3.2 hCSC Isolation and Culture 

Briefly, patient heart samples (i.e., atrial appendages) were obtained as discarded 

tissues from local hospitals. Donor confidentiality was maintained at the hospital’s request 

and no patient identification information or medical history was collected according to the 

approved protocol. A written consent agreement was obtained for collection of discarded 

atrial appendages by the hospital and all procedures were approved by the Institutional 

Review Board (IRB) of Virginia Polytechnic Institute and State University for human subject 

research. The isolation and culture of hCSCs were previously described (145). Briefly, the 

isolated cells were cultured in a 37oC incubator (5% CO2 and 21% O2) with hCSC medium 

consisting of Ham’s F12, 10% FBS, 10 ng/ml human b-FGF, 0.2 mM L-glutathione, and 0.005 

U/ml human EPO. Cells were passaged every 3-5 days and underwent a maximum of 12 

passages. Large culture dishes (100 mm dish or T75 flask) were used for cell expansion and 

maintenance, while middle- or small-well plates (6-well or 12-well plates) containing 

gelatin- or KOS hydrogel-coated coverslips were used in the specific assays described below.  

To examine whether KOS hydrogel altered stemness, hCSCs maintained on regular 

TCPS culture dishes were transferred on KOS hydrogel-coated dishes and continuously 

cultured for 3 passages (13 to 15 days in total) in hCSC medium followed by c-kit antibody 

staining (see Immunocytochemistry below), and were compared to the cells passaged only 

on TCPS dishes.  

 

2.3.3 Keratin Isolation and Hydrogel Formation 

KOS was supplied by Dr. Mark Van Dyke’s lab at Virginia Tech. Briefly, KOS was 

extracted and purified from human hair fibers that had been washed with detergent, rinsed, 
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and dried (50).  For 100 g of fibers, 2 L of a 2% (w/v) peracetic acid solution was used to 

oxidize protein disulfide bonds by heating it at 37oC for 14 hours with gentle rotary stirring.  

The fibers were recovered by sieve and extracted twice with 4 L of 100 mM Tris base 

solution.  The fibers were separated by sieve and the extract solutions combined, centrifuged 

to remove suspended particulates, and filtered through �o. 4 Whatman filter discs (Thermo 

Fisher).  The protein solution was purified and high molecular weight keratin nanomaterial 

was isolated by membrane filtration in a custom ultrafiltration system.  The membrane cutoff 

used was 100 kDa and a proprietary buffer solution facilitated separation of the material of 

interest.  After removal of low molecular weight contaminants, the keratin nanomaterial 

solution was concentrated against dilute buffer using the same 100 kDa membrane, frozen, 

and lyophilized (50).  KOS hydrogel was made with 4.5% lyophilized oxidized keratin (w/w) 

in PBS 1.5% Genipin (w/w) in various culture plates or coverslips. The KOS hydrogel was 

plated at a thickness of ~1 mm and let sit for 12 hours to allow the Genipin to 

crosslink.  Hydrogels that were to be used for photomicrographs were produced by making 

a “sandwich” between glass and plastic coverslips, so removing the glass coverslip after 12 

hours produced a flat surface that was ideal for cell imaging. In both cases, hydrogels were 

then washed 3 times (5 minutes each) in PBS and covered with PBS for 48 hours to remove 

any residual Genipin from the hydrogels. After the PBS was removed, hCSCs were seeded on 

top of the KOS hydrogels. 

 

2.3.4 Cell Viability Assays with Calcein-AM/ EthD-1 and Trypan Blue 

hCSCs were plated at 1.5x105 cells in a regular 60 mm dish (TCPS control) or KOS 

hydrogel-coated 60 mm dish for 1, 3, and 5 days with hCSC medium. At each time point, 

medium was collected, and cells were enzymatically detached with 10 U/ml elastase for 3 

minutes in a 37oC incubator. All cells (detached and floating dead cells collected from the 

medium) were pooled together for the Live/Dead assay using Calcein-AM/EthD-1. Briefly, 

collected cells were washed once with PBS and incubated simultaneously with 2 M Calcein-

AM and 4 M EthD-1 in a 37oC incubator for 30 minutes. Meanwhile, control wells were 

subject to a 20 minute treatment with 70% methanol (dead cell controls) or without any 

treatments (live cell controls) and used to calculate cell viability. Following staining, cells 
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were collected in PBS by centrifuge and then replated in a 96 well plate at a density of 1x104 

cells per well. Six replicates of the experimental group and three replicates of the control 

group were used to collect data in a SpectraMax M5 plate reader (Molecular Devices). 

Trypan blue was also used for evaluating cell death in a separate experimental group. 

In this case, cells were cultured in a 60 mm dish and elastase enzymatic detachment from 

the KOS hydrogel was the same as described above. The dead cells (Trypan blue positive) 

were counted using a Hemocytometer and cell viability (%) was obtained by dividing the 

number of live cells by the total number of cells. At least 1000 cells were counted in each 

group and the results were plotted against passage (P) numbers (P1, P2, and P3).  

 

2.3.5 EdU Cell Proliferation Assay 

Cells were plated at a density of 2.5x104 cells per well on either gelatin-coated 

coverslips (Blank control) or KOS hydrogel-coated coverslips in 12-well plates. Cell 

proliferation was examined at Day 1, 3, and 5. Briefly, cells were incubated with EdU (5-

ethynyl-2'-deoxyuridine) at a 1:500 dilution in hCSC medium for 18 hours and then stained 

by following the manufacturer’s protocol included in the Click-iT EdU Cell Proliferation kit. 

After co-staining with Hoechst 33342, both the TCPS control and KOS hydrogel coverslips 

were mounted to glass tissue slides using Vectashield Antifade Mounting Medium and sealed 

with fingernail polish.  Fluorescent EdU images were taken with an Olympus IX73 

Microscope equipped with an XM10 Camera (Center Valley, PA). The images were then 

analyzed using ImageJ software (�IH). At least 1000 Hoechst cells were counted on each 

coverslip to calculate % of EdU positive cells over total number of cells (Hoechst nucleus 

staining). Statistical analysis and bar graphs were completed using Microsoft Excel 2013 and 

GraphPad Prism 5. 

 

2.3.6 Cell Morphology Analysis with Phalloidin Staining  

hCSCs were cultured at a density of 2.5x104 cells per well on either gelatin-coated 

coverslips (Blank control) or KOS hydrogel-coated coverslips for 1, 3, and 5 days. The 

differentiated cells were also used in this assay (see Cardiac lineage differentiation). For 

Phalloidin staining, cells on the TCPS control and KOS hydrogel were fixed in 4% PFA at room 

temperature (RT) for 30 minutes and washed twice in PBS (5 minutes each) followed by 
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blocking in 1.5% BSA for 30 minutes. The resulting cells were stained with FITC-conjugated 

Phalloidin (1:500 dilution from 1000X stock) and Hoechst 33342 (1μM) in PBS for 1 hour at 

RT followed by 3 additional washes in PBS (5 minutes each). Coverslips were then mounted 

on tissue slides and fluorescent images were taken with the Olympus IX73 microscope 

mentioned above. Only cells cultured for 3 days were used for the cell morphological analysis 

(cell area and ratio of cell length per square of cell area) by Image J (�IH); cells on day 1 and 

5 were not selected due to the cell density being either too low or too high to obtain accurate 

measurements. At least 500 cells in each group were analyzed and the results were plotted 

as bar graphs.  

Furthermore, KOS hydrogels were subject to cryo-sectioning to determine the cell 

distribution and migration within the hydrogel. To this end, hydrogel samples were fixed in 

4% PFA as described above and then embedded and frozen in OCT with 30% sucrose on an 

aluminum block in liquid nitrogen. Sample blocks were then serially cut at a thickness of 30 

μm using a rotating cryostat (Reichert Histostat, Thermo Fisher) and stained with FITC-

conjugated Phalloidin (1:500) and Hoechst (1μM) in 1.5% BSA for 1 hour at RT. Fluorescent 

images were taken using the Olympus IX73 microscope mentioned above with green 

(Phalloidin), blue (Hoechst 33342), and red (KOS hydrogel auto-fluorescence) filters. 

 

2.3.7 Cardiac Lineage Differentiation of hCSCs 

hCSCs were seeded in regular 6-well or 12-well culture dishes as described above. 

After 2 to 3 days of culture, the hCSC medium was switched to cardiac differentiation 

medium (DM) containing 89% Ham F12 �utrient Mixture, 10% FBS, 1% P/S, and 10 μM 5-

Aza as described previously (145). After the 3-day treatment with daily medium change, 

the differentiated cells were maintained in the above DM without 5-Aza up to 28 days with 

medium changed every other day. The same set of experiments as above were done to 

examine the effects of KOS hydrogel alone on hCSC differentiation using the same DM but 

without 5-Aza.  In either case, the resulting cells were used for various assays listed below. 

 

2.3.8 qRT-PCR (qPCR) 

hCSCs were cultured in 6 well plates at a density of 6x104 cells per well with hCSC 

culture  medium  or  DM  as described  above.  Total R�A was extracted using TRIzol reagent  
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Table 2.1 List of qPCR Primers 
 
Primers  Sequence Supplier 

B2M Forward CCA GCG TAC TCC AAA GAT TCA IDT 
 Reverse TGG ATG AAA CCC AGA CAC ATA G IDT 

c-kit Forward GTC ATC AGC CAC CAT CCT ATT IDT 
 Reverse AGT CCA TAC CTC CCT CTC TTT IDT 

Nkx2.5 Forward CGC ACC CAC CCG TAT TTA T IDT 
 Reverse GGG TCA ACG CAC TCT CTT T IDT 

cTnI Forward GAC AAG GTG GAT GAA GAG AGA TAC IDT 
 Reverse CTT GCC TCG AAG GTC AAA GA IDT 

vWF Forward GTA CAG CTT TGC GGG ATA CT IDT 

 Reverse GCT CAC TCT CTT GCC ATT CT IDT 

VE-cad Forward CCAAAGTGTGTGAGAACGCT IDT 

 Reverse CGTTTCGTGGTGTTATGTCC IDT 

SMMHC Forward TGGGCGAGATGTGGTACAGA IDT 
 Reverse TCACGCGGGTGAGTATCCA IDT 

GATA6 Forward AAAGAGGGAATTCAAACCAGGAA IDT 

 Reverse GAAGTTGGAGTCATGGGAATGG IDT 

 
Abbreviation: B2M: beta-2-microglobulin; c-kit: Cluster of differentiation 117 (i.e., CD117); 

cTnI: cardiac troponin I; GATA6: GATA binding protein 6; IDT: Integrated D�A technologies; �kx2.5: 
�K2 homeobox 5; SM-MHC: Smooth muscle myosin heavy chain; VE-cad: VE-cadherin or Vascular 
endothelial cadherin or CD144; vWF: von Willebrand factor.  

 

and RĀA concentration was determined using the �anoDrop 1000 Spectrophotometer 

(Thermo Scientific). One microgram of total RĀA was reversely transcribed in a 20 ĀL 

reaction volume using the High Capacity cDĀA Reverse Transcriptase kit according to the 

manufacturer’s protocol. The resulting cD�A was then diluted 2-fold in nuclease-free water 

(12.5 ng per well) and used as a template for qPCR analysis using Power SYBR Green PCR 

Master Mix in the StepOnePlus Real-Time PCR System (Thermo Fisher). The following 

protocol was utilized in all experiments: a 10 minute holding stage at 95oC, followed by 44 

cycles at 95oC for 15 seconds and 60oC for 1 minute, then a melting curve stage of 95oC for 
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15 seconds, 60oC for 1 minute and 95oC for 15 seconds. The primers are listed in Table 2.1. 

Each target gene was examined in triplicate and the relative expression levels were analyzed 

using StepOne Software v2.3 provided on the machine. The data are expressed as fold change 

relative to the Pre-Differentiation (Pre-Diff) after normalization to internal control of beta-

2-microglobulin (B2M).

 

2.3.9 Western Blotting 

Cells were cultured at a density of 6x104 cells per well in either the TCPS control or 

KOS hydrogel-coated 6-well plates using hCSC culture medium or DM as described above. 

For the TCPS control, cell lysate was directly obtained by adding RIPA buffer, while for the 

KOS hydrogel-coated wells, cells were first detached using 10 U/ml elastase for 3 minutes 

and washed once with PBS to remove any residual hydrogel before being treated with RIPA 

buffer. Protein lysate was quantified using the Bradford assay and then mixed with 4X 

loading buffer (10% Ⱦ-ME in laemmli buffer) at a 1:4 dilution and incubated for 5 minutes at 

95oC. Samples were then loaded into an SDS-Stacking gel and ran in a Mini Protean Tetra Cell 

(Bio-Rad) at 100V for 15 minutes followed by 150V for 60 minutes. The protein was then 

transblotted onto a PVDF -membrane using a Mini Protean Tetra Cell in an ice bath at 95V 

for 1.75 hours. The transblotted membrane was blocked for 1 hour at RT in 5% milk solution 

in Tris-Buffered Saline and Tween-20 (TBST) on a plate rocker. Membranes were 

immunoblotted with specific primary antibodies (c-kit, Ƚ-sarcomeric actin “Ƚ-SA”, CD31, and 

Ƚ-SMA) (see Table 2.2) to identify stem cells, CMs, ECs, and VSMCs, respectively. Beta-actin 

(Ā-A) was used as an endogenous control. The following optimized conditions were used in 

the study: 1:500 (c-kit), 1:1000 (Ā-A), 1:500 (CD31), 1:1500 (Ƚ-SMA), and 1:20000 (Ā-SA). 

All antibodies were diluted in 5% milk solution and incubated with PVDF membranes 

overnight on a plate rocker at 4oC, then washed 3 times (5 minutes each) with TBST solution. 

The membranes were then incubated with mouse or rabbit secondary antibody conjugated 

with HRP at 1:10000 for 2 hours at RT on a plate shaker. Films were washed and treated 

with luminol and images were taken immediately on a Kodak Image Station 400MM.  
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 2.3.10 Immunocytochemistry 

Cells were plated at a density of 2.5x104 cells per well on either the Blank coverslips 

or KOS hydrogel-coated coverslips in a 12-well plate and cultured in hCSC or DM as described 

above. Four specific primary antibodies (c-kit, Ƚ-SA, Ƚ-SMA, and CD31) (see Table 2.2) were 

used to identify stem cells, CMs, ECs, and VSMCs, respectively. Briefly, cells were washed 

once with PBS, fixed in 4% PFA at RT for 1 hour, and then blocked in 1.5% BSA and 0.2% 

Tween20 buffer for 30 minutes at RT. The resulting cells were then incubated with 1:200 c-

kit, 1:500 CD31, 1:1000 Ƚ-SMA, and 1:2000 Ƚ-SA primary antibody for 2 hours at RT on a 

shaker and then washed 3 times with PBS (5 minutes each) and stained with a secondary 

antibody, either goat anti-rabbit Alexa Fluor 488 or goat anti-mouse Alexa Fluor 488, at a 

Table 2.2 List of Primary and Secondary Antibodies 
 

Antibody Name Antibody Type Supplier Catalog Number 

c-kit (H300 clone) Primary Polyclonal Rabbit Santa Cruz 
Biotech 

sc-5535 

CD31 (PECAM-1) Primary Polyclonal Goat Santa Cruz 
Biotech 

sc-1506 

Ⱦ-A   Primary Polyclonal Rabbit BosterBioTech pa1872 

Ƚ-SMA  Primary Polyclonal Rabbit ThermoFisher PA519465 

Ƚ-SA   Primary Monoclonal Mouse Sigma-Aldrich A2172 

Alexa Flour 488 Secondary Goat Anti Mouse Jackson Lab 115-545-062 

Alexa Flour 488 Secondary Goat Anti Rabbit ThermoFisher R37116 

Alexa Flour 488 Secondary Chicken Anti Goat ThermoFisher A21467 

Peroxidase-Conjugated Secondary Goat Anti Rabbit Jackson Lab 65-6120 

Peroxidase-Conjugated Secondary Goat Anti Mouse Jackson Lab 115-035-062 

Peroxidase-Conjugated Secondary Mouse Anti Goat Jackson Lab 205-035-108 

 
             Abbreviation:   c-kit: Cluster of differentiation 117 (i.e., CD117); Ⱦ-A: Beta Actin; Ƚ-SMA: 
alpha Smooth Muscle Actin; Ƚ-SA: Cardiac alpha Sarcomeric Actin.  
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concentration of 1:2000 in blocking buffer. An additional set of coverslips were stained with 

only a secondary antibody as a negative control, and Hoechst 33342 was used in all groups 

to label cell nuclei. To avoid the auto-fluorescent interference from the KOS hydrogel, cells 

on the KOS hydrogel were first detached and then cytospun on a glass tissue slide following 

the antibody staining mentioned above. Fluorescent images of the Blank coverslips (attached 

cells) and KOS-hydrogel (cytospun cells) were taken using the Olympus IX73 microscope 

mentioned above. The percentage of positive cells for each cell type was counted and 

calculated against the total number of nuclei and the results were plotted as a bar graph for 

statistical analysis. 

2.3.11 Statistical Analysis 

All experiments were repeated at least 3 times with more than 3 replicates per each 

group. All data are shown as Mean±Standard Error (SE) unless otherwise stated. Student’s t 

test with a two-tailed distribution was used to compare two groups. One-way analysis of 

variance (A�OVA) followed by the Bonferroni test was used to compare three or more 

groups with p<0.05 being considered statistically significant. GraphPad Prism 5 and 

Microsoft Excel 2013 were used for statistical analysis and plotting.   

 

2.4 Results 
2.4.1 KOS Hydrogels Maintain Cell Viability and Stemness, but Reduce Cell 

Proliferation Rate of C-kit Positive hCSCs 

To determine whether KOS hydrogel can be used as a delivery vehicle for future stem 

cell-based therapy, we need to first examine the impact of KOS hydrogel on cell viability and 

proliferation in the following in vitro studies. Briefly, after being enzymatically detached 

from the TCPS or KOS hydrogel-coated dishes, cells were co-stained with Calcein-AM and 

EthD-1 and then transferred into 96-well plates for analysis using fluorescent microscopy 

and a plate reader. The results indicate that most cells are viable after 5 days of culture 

(Figure 2.1A, green) and only a small number of them appear dead (Figure 2.1A, red). 

Quantitative analysis shows no statistically significant differences between the TCPS 

(93.3±0.7%, 96.4±2.3%, 94.3±2.4%) and KOS groups (94.4±1.2%, 93.2±2.2%, 95.4±2.0%) at 
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Day 1, 3, and 5, respectively (n=4-5, ns, Figure 2.1B). Thus, KOS hydrogel is able to culture 

and maintain hCSCs well without toxic effects. 

 

Figure 2.1 KOS hydrogels maintain c-kit+ hCSC viability 
Cells from TCPS control dishes or KOS hydrogel-coated dishes co-stained with Calcein-

AM and EthD-1 representative day 5 images (A). Average data of percentages of live or dead cells 
(B). In Panel A, scale bar = 200 m; In Panel B, ns: not significant; n=5. 
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To determine the “long-term” effect of KOS hydrogel on cell viability, stemness (c-kit 

expression), and proliferation, a serial passage on KOS hydrogel was performed (Figure. 2.2

and Figure 2.8). Cells were cultured on the TCPS control and the KOS hydrogel-coated dishes 

.
Figure 2.2 Sub-passaging hCSCs on KOS hydrogels 

Representative phase contrast images of cultures taken with microscopy on P1, P3, and 
P5 (A). Fold changes of recovered cell numbers (B). In Panel A, scale bar = 400μm; In Panel B, ***: 
p<0.001; n=5.
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for 3-5 days to reach 80-90% confluency before being split for the next passage on a new 

TCPS or KOS hydrogel-coated dish. Contrast microscopy images indicate that there are no 

significant differences in overall cellular morphology among passages 1 (P1), P2, and P3 

(Figure 2.2A) in both the TCPS and KOS culture conditions, although the imaged cells 

 

Figure 2.3 KOS hydrogels decrease c-kit+ hCSC proliferation. 
EdU positive nuclei in green refers to proliferative cells while Hoechst positive cells 

represent all nuclei (A). Mean percentages of EdU positive cells from KOS hydrogel and TCPS 
control dishes were plotted against time (Day 1, 3, and Day 5) (B). In Panel A, scale bar = 200 m; 
In Panel B, ***: p<0.001, n=6. 
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cultured on KOS hydrogel appear to be slightly more “narrow” or “bright” (which may be due 

to the light reflection of the KOS hydrogel). Quantitative analysis using Trypan blue staining 

demonstrated that the ratio of the number of cells recovered to the number of cells plated is 

comparable in both the TCPS control (3.31±0.15 in P1, 3.36±0.25 in P2, and 3.21±0.19 in P3) 

and in the KOS hydrogel culture (1.77±0.14 in P1, 1.96±0.15 in P2, and 1.87±0.16 in P3); 

however, the total number of cells in the TCPS control condition is significantly higher than 

that of the KOS hydrogel group across all passages (P1, P2, and P3) (Figure. 2.2B, n=5, 

p<0.001). Meanwhile, c-kit immunostaining demonstrated that KOS hydrogel was able to 

maintain the stemness of hCSCs well during the 3-passage period within 13 to 15 days at a 

high comparable expression level of c-kit on KOS hydrogel (90.2±5.8%) versus TCPS control 

(95.0±2.9%) (Figure 2.8, n=3, ns=not significance). These results imply that cell viability and 

stemness are well maintained during “long-term” culture, but proliferation rate seems lower 

in KOS hydrogel than in TCPS culture dishes.    

To further confirm the above observation, we performed an EdU assay to quantitatively 

analyze cell proliferation. Briefly, for the Blank and KOS hydrogel conditions, cells were 

cultured on coverslips for up to 5 days. EdU staining and Hoechst nucleus co-staining were 

performed on Day 1, 3, and 5. The stained coverslips were flipped over and mounted on 

tissue slides and microscopy fluorescent images were taken from the bottom of the slides (to 

avoid and reduce auto-fluorescence of the KOS hydrogel) using the Olympus IX73 

microscope mentioned above. As indicated from Figure 2.2, there indeed appears to be 

significantly more EdU+ cells in the TCPS (a1 to a3) compared to the KOS hydrogel (a4 to a6) 

across each time point examined (Figure 2.3A). Mean percentages of EdU+ cells in the TCPS 

(49.7±2.2%, 44.7±3.0%, and 46.7±2.3%) are significantly higher than those in the KOS 

hydrogel (4.7±1.0%, 20.6±2.0%, and 15.1±1.4%) at Day 1, 3, and 5, respectively (Figure2.3B, 

n=6, p<0.001 in all groups). These findings are consistent with the relatively lower number 

of cells observed in Figure 2.2B. 

 

2.4.2 hCSCs do not Spontaneously Migrate into KOS Hydrogels, but Form “Endothelial 

Cell Tube-Like” Microstructures Following Induced Differentiation.   

Previous study indicates that porous biomaterials enable cells to migrate into the 

material (146). To examine whether similar migration occurs in KOS hydrogel,     we seeded  
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hCSCs on the KOS hydrogel and monitored cell location from the top-view (Figure 2.4A, a1 

to a4) of a culture dish and the side-view (Figure 2.4A, a5 to a8) of a 30 μm cryosection of 

the KOS hydrogel following Phalloidin/Hoechst 33342 staining. Interestingly, all cells 

remained on the surface of the KOS hydrogel during the course of the 5-day culture as 

indicated in the side-view (Figure 2.4A, a5 to a7), although cell areas appear to become 

smaller and the ratio of the cell length/cell area is larger on the KOS hydrogel than on the 

TCPS (Figure 2.4B, n =3, p<0.01 or p<0.001, image data not shown). To our surprise, hCSCs 

on KOS hydrogels formed “endothelial cell tube-like” microstructures, similar to the 

 

Figure 2.4 Cell distribution and morphology on KOS hydrogel 
Phalloidin (a1 to a8) and Calcein-AM (a9 to a10) images of hCSCs taken on TCPS (data not 

shown) and KOS hydrogel before (Day 1, 3, 5) and Post-Differentiation (a4, a8, a9, a10) (A). Green 
= cellular F-Actin; Blue = nucleus (Hoechst 33342), and Red = KOS. Horizontal bar = 1000 m and 
Vertical bar = 200 m. The mean data of cell area and length/sqrt (area) is plotted on Panel B (B). 
n=3; **p<0.01; ***p<0.001. 
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“endothelial cell tube” typically formed by endothelial cells on Matrigel coated plates (i.e., in 

vitro angiogenesis assay), on days 14 to 28 after induced differentiation (Figure 2.4A, a4, 

a10), while cells on TCPS culture dishes just appear over-confluent (Figure 2.4A, a9). This 

finding suggests that KOS hydrogels may promote angiogenesis of VSMCs differentiated from 

c-kit+ hCSCs.    

 

2.4.3 Predominant c-kit+ hCSCs Become VSMCs after Induced Cardiac Differentiation 

on KOS Hydrogel   

To investigate whether hCSCs tend to become VSMCs on KOS hydrogel compared to 

the TCPS control, hCSCs were cultured and differentiated as described above, followed by 

qPCR, Western blot, and Immunocytochemical assays using specific primers and antibodies.     

The gene expression analysis using qPCR found that cardiac (ĀK2 Homeobox 5 – 

�kx2.5 and Cardiac troponin I - cTnI), endothelial (von Willebrand factor - vWF and Vascular 

endothelial cadherin - VE-cad, i.e., CD144), and vascular smooth muscle (Smooth Muscle-

Myosin Heavy Chain - SM-MHC & GATA Binding Protein 6 - GATA6) markers showed no 

statistically significant differences between the TCPS control and the KOS hydrogel under 

the basal condition (Pre-Diff, Figure 2.5). However, these genes are dramatically up-

regulated 28 days after 5-Aza-induced differentiation both on the TCPS control and the KOS 

hydrogel compared to the basal levels. Interestingly, the fold changes of cardiac genes were 

not different between the TCPS and the KOS hydrogel (Figure 2.5A), but endothelial markers 

showed statistical significance between the two culture conditions. The fold increases of 

vWF on the TCPS control (62.3±12.9) are higher than those on the KOS hydrogel (12.0±2.5) 

(Figure 2.5B, n=4, p<0.05) and the fold increase of VE-cad on the TCPS control (7.2±1.8) is 

lower than that on the KOS hydrogel (11.8±2.4) (Figure 2.5B, n=4, p<0.05). To our surprise, 

two vascular smooth muscle genes (SM-MHC and GATA6) show a robust increase with 

19,517±5807 fold changes of SM-MHC and 1,226±390 fold changes of GATA6 on the KOS 

hydrogel compared to 355±80.4 and 33.4±10.9 fold changes of the same genes on the TCPS 

control (Figure 2.5C, n=4, p<0.01 and p<0.05), indicating that KOS hydrogel likely promotes 

hCSCs toward vascular smooth muscle differentiation. 

Āext , we examined the protein levels of stem cell and cardiac lineage markers using 

immunostaining with specific antibodies. Western blot results (Figure 2.6) appear to agree 
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well with those in qPCR (Figure 2.5). Figure 2.6A shows that stem cell marker (c-kit) is 

strongly expressed before differentiation (Pre-Diff), but hard to detect after differentiation 

(Post-Diff). Interestingly, Ƚ-SA was greatly expressed on the TCPS control in contrast to the 

strong expressions of CD31 and Ƚ-SA on the KOS hydrogel (Figure 2.6A). Quantitative 

 
Figure 2.5 KOS hydrogels promote VSMC gene expression 

Expression of cardiac (�kx 2.5 and cTnI) (A), endothelial ((vWF and Ve-cad) (B), and 
smooth muscle (SM-MHC and GATA6) (C) plotted as Ratios (Pre-Diff RQ TCPS) n=4, ns=not 
significant, *p<0.05, ***p<0.001.
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analysis of these bands shows 11.54±2.25 fold changes of -SA on the TCPS control and much 

less on the KOS hydrogel (2.99±0.45) (Figure 2.6B, n=4-5, p<0.001). Additionally, there were 

3.03±0.37 and 3.51±0.91 fold changes of CD31 and -SMA on the TCPS control compared to 

 
Figure 2.6 KOS hydrogels promote VSMC protein expression - Western blot analysis 

Protein expression of stem cell (c-kit), cardiac (Ƚ-sarcomeric actin, Ƚ-SA), endothelial 
(CD31), and smooth muscle markers (Ƚ-smooth muscle actin, Ƚ-SMA) before differentiation 
induction (Pre-Diff) and 28 day after (Post-Diff) differentiation induction (A).  Mean fold change 
of each protein were obtained by dividing expression levels of Post-Diff versus Pre-Diff following 
internal normalization with beta-actin of TCPS culture dish (B). n=5, ns=not significant, **p<0.01, 
***p<0.001. 
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6.01±0.75 and 11.45±1.93 fold changes on the KOS hydrogel (Figure 2.6B, n=4-5, p<0.01, and

p<0.001), which confirms our expectation that the KOS hydrogel would enhance vascular 

smooth muscle differentiation of c-kit+ hCSCs.  

 

Figure 2.7 KOS hydrogels promote VSMC protein expression - Immunocytochemical 
staining 

Protein expression of stem cell (c-kit), cardiac (Ƚ-sarcomeric actin, Ƚ-SA), endothelial 
(CD31), and smooth muscle markers (Ƚ-smooth muscle actin, Ƚ-SMA) before differentiation 
induction (Pre-Diff) and 28 day after (Post-Diff) differentiation induction (A). Mean percentages 
of positive cells counted against the total nucleus before (Pre-Diff) and after (Post-Diff) were 
plotted in Panel B (B). n=5, ns=not significant, *p<0.05, ***p<0.001. 



44 
  

 Lastly, we used ICC to further confirm our above findings. Due to the interference of 

auto-fluorescence from the KOS hydrogel under fluorescent microscopy, all cells on the KOS 

hydrogel were first detached, stained with the specific antibody and then cytospun onto 

tissue slides before imaging, while cells on the Blank control coverslips were kept for 

staining and imaging under their “natural” morphology. As it shows in Figure 2.7, before 

differentiation almost all hCSCs are c-kit positive on both the TCPS control (95.0±2.94%) and 

the KOS hydrogel (93.9±3.25%), while the other three cardiac lineage markers ( -SA, CD31, 

 
Figure 2.8 Effects of KOS hydrogel cell passaging on c-kit expression 

Immunocytochemical staining before (Pre-Diff) TCPS and TCPS Passaged 3 times on KOS 
hydrogel then plated and stained on TCPS Protein expression of stem cell (c-kit), cardiac (Ƚ-
sarcomeric actin, Ƚ-SA), endothelial (CD31), and smooth muscle markers (Ƚ-smooth muscle actin, 
Ƚ-SMA) were determined with specific primary antibodies and all secondary antibodies are 
conjugated with Alexa flour 488. Scale bar = 100 m (A). Mean percentages of positive cells 
counted against the total nucleus (B). n=3 or 5, ns=not significant, ***p<0.001. 
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and -SMA) are hardly detected ( -SA: 0.5±0.43% on TCPS vs 0.48±0.42% on KOS; CD31: 

0.38±0.34% on TCPS vs CD31 0.33±0.23% on KOS; -SMA: 0.3±0.23% on TCPS vs 

1.27±0.34% on KOS, n=5, all are ns); however, after 28 days of differentiation, c-kit cells are 

observed on neither the TCPS control (1.58±0.28%) nor the KOS hydrogel (1.29±0.59%) 

groups; and instead, the majority of c-kit+ cells became cells of cardiac lineages. Mean data 

shows 76.85±7.12 % -SA+, 6.26±0.85% CD31+, and 12.45±4.37% -SMA+ cells on the TCPS 

control dishes compared to 10.23±1.1% -SA+, 13.18±2.9% CD31+, and 71.58±5.25% -

SMA+ cells on the KOS hydrogel-coated dishes (Figure 2.7B, n=5, p<0.001, p<0.05, p<0.001, 

respectively), suggesting that the TCPS culture condition tends to drive hCSCs toward CM 

differentiation, while the KOS hydrogel mainly drives them to become VSMCs.  

 

2.5 Discussion 
In the present study, we investigated the effects of KOS hydrogel on cell viability, 

stemness, proliferation, cellular morphology, and cardiac lineage differentiation of c-kit+ 

hCSCs in comparison with cells cultured on regular culture dishes (TCPS control).  The 

results show that both the KOS hydrogel and the regular culture dishes are able to culture 

and maintain hCSCs well without any observable toxic effects nor reduction of stemness 

caused by the KOS hydrogel (Figure 2.1, Figure2.2, and Figure2.8); however, cell size, ratio 

of cell length/size, and cell proliferation rate appear smaller on KOS hydrogel than for those 

on the TCPS control dishes (Figure 2.3 and 2.4). To our surprise, KOS hydrogel significantly 

promoted hCSCs becoming VMSCs after differentiation (with or without 5-Aza), in contrast 

to those cultured on regular culture dishes, in which case most hCSCs differentiated into CMs 

(Figure 2.5 to 2.7) and also see references (8, 14). Furthermore, differentiated VSMCs 

appeared to form “endothelial cell tube-like” microstructures (Figure 2.4), similar to the 

“endothelial cell tube” typically formed by ECs on Matrigel (i.e., in tube-formation or in vitro 

angiogenesis assay) (147). To the best of our knowledge, this is the first report to discover 

the preferred differentiation of hCSCs toward VSMCs on KOS hydrogel. The innovative 

methodology by which cells can be recovered from KOS hydrogel through elastase 

dissociation makes it possible to analyze gene and protein expression without interference 
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of keratin molecules. Our findings may provide a new and simpler approach to generate a 

large number of VSMCs for cell-based therapy in cardiovascular diseases.    

A number of natural biomaterials, such as collagen, Matrigel, and alginate, have 

demonstrated the ability to promote and maintain cell viability (35, 148-151). Keratins are 

naturally derived proteins that can be fabricated into several biomaterial forms including 

KOS hydrogels (oxidatively derived) (19). These materials are a potential polymeric system 

for several tissue engineering and regenerative medicine applications due to their ability to 

support cell attachment, proliferation, and migration (50). Our results show that KOS 

hydrogels are capable of maintaining high cell viability and stemness after serial passaging 

without any observable toxic effects, which is consistent with previous studies that used 

either the same material or different types of stem cells (17, 32, 152). Interestingly, cell 

proliferation rate is reduced on KOS hydrogel compared to the TCPS control dishes. It is 

commonly agreed that the physical environment and/or biochemical interaction between 

the biomaterial and the stem cells are critical mediators of cell behavior (153, 154). Cell 

proliferation and differentiation appear to be inversely proportional to substrate stiffness 

(155). Thus, the lower stiffness of KOS hydrogel substrates and/or the potential direct 

interaction of keratin molecules with Ⱦ-integrin or Āotch1 signaling in hCSCs may play an 

important role in modulating hCSC proliferation and differentiation (154-156). Perhaps, a 

low proliferation rate observed in the present study may reflect the physiological rate of 

stem cell proliferation to meet the basic needs of homeostasis under normal conditions.           

An additional interesting finding in the present study is that both hCSCs (c-kit+) and 

hCSC-differentiated cells (CMs, ECs, and VMSCs) are unable to migrate into the KOS hydrogel 

during “long-term” culture and differentiation, showing “immobile” properties. Our findings 

appear to be different from other published studies, in which the cells (aorta smooth muscle 

cells and fibroblasts) are able to migrate into the porous hydrogel of various biomaterials 

(157, 158). The reason remains unknown, but is probably related to the pore size of the 

hydrogel substrate or cell type (159). Although the pore size of our KOS hydrogel seems 

larger than the cells in the middle portion under the side-view (Figure2.4A), the surface of 

the KOS hydrogel seems to form a continuous layer, which may have prevented the cells from 

migrating into the hydrogel. In addition, the interactions between the cells and the 

cell/keratin molecules may also play a role in this phenomenon (160, 161).   
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Tube-formation (also known as “in vitro angiogenesis”) is a typical in vitro Matrigel 

assay to evaluate the angiogenic properties of ECs or EPCs (162). A surprising observation 

of the present study was the formation of “endothelial cell tube-like” microstructures from 

hCSC-differentiated VSMCs on KOS hydrogel, but not on TCPS control dishes. Whether or not 

this “tube-formation” property of VSMCs facilitates in vivo arteriogenesis or collaterogenesis 

needs to be further investigated using an animal model. The underlying mechanism of the 

“endothelial cell-like tube” formation remains unknown, although it may be due to the in 

vitro angiogenesis property of the mixed small percent (~13%) of ECs.        

Āumerous publications have previously demonstrated that c-kit+ hCSCs can be 

differentiated into three cardiac lineage cell types (i.e., CMs, ECs, and VSMCs) in both in vitro 

and in vivo settings (8, 14, 83-85); however, whether hCSCs are able to differentiate into CMs 

after transplantation is still under debate (10). In the present in vitro study, we discovered 

for the first time that the majority (~72%) of hCSCs on KOS hydrogel become VSMCs after 

induced-differentiation (independent from 5-Aza) while for the TCPS control, the majority 

(~77%) of cells become CMs. The KOS hydrogel seems to switch the myogenic differentiation 

pattern from CMs on TCPS to VSMCs on KOS hydrogel, whether or not 5-Aza was added in 

the present study. This important finding may indicate a critical role of KOS hydrogel in 

modulating hCSCs toward vascular smooth muscle differentiation. However, the mechanism 

underlying the preferred-VSMC differentiation on KOS hydrogel remains to be determined.  

A good number of published studies implicated that TGF-Ⱦ  signaling might be a cause of 

VSMC differentiation from various types of stem cells, such as embryonic stem cells, bone 

marrow mesenchymal stem cells, adipose stem cells, and multipotent adult progenitor cells 

(163-166). It has been shown that keratin is able to enhance angiogenesis or cell 

differentiation through up-regulation of TGF-Ⱦ signaling pathways (19, 36, 138, 156); while 

5-Aza, as a demethylating epigenetic reagent, is known to be capable of promoting cardiac 

differentiation from various types of stem cells (167-170). Certainly, 5-Aza plays a critical 

role in the differentiation of hCSCs on TCPS control, but it is not necessary for the VSMC 

differentiation observed on KOS hydrogel (Figure 3.1). In the experiments where we simply 

induced differentiation by removing growth factors (bFGF and EPO) from hCSCs cultured on 

KOS hydrogels, we discovered nearly the same percentage of VSMCs (~71%) with or without 

the addition of 5-Aza. Moreover, the present study used FBS in DM, and FBS is known to 
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contain various growth factors, including TGF-Ⱦ; thus we could not exclude the potential role 

of FBS-TGF-Ⱦ on KOS-promoted VSMC differentiation (138). Interestingly, platelet derived 

growth factor (PDGF) and integrin signaling pathway were also found in mediating smooth 

muscle differentiation from pluripotent stem cells, scal-1+ stem cells, and hair follicle stem 

cells, probably through a mechanotransduction signaling pathway (130, 131, 136). Thus, the 

complex interactions among keratin molecules and TGF-Ⱦ, PDGF and the Integrin pathway 

may play a critical role in the preferred-VSMC differentiation (171-173).  

 

2.6 Conclusions 
In conclusion, our present study demonstrates that KOS hydrogels are able to well 

maintain cell viability and stemness, produce “endothelial cell tube-like” microstructures 

(similar to the “endothelial cell tube”), and significantly promote vascular phenotypes, 

especially VSM differentiation (independent from 5-Aza), from c-kit+ hCSCs. These findings 

offer new methods, which are not only useful for generating a robust number of VSMCs from 

hCSCs by simply differentiating hCSCs on KOS hydrogel, but also for providing a practical 

therapeutic platform with an injectable stem cell-based KOS hydrogel in treating 

cardiovascular diseases. However, the present study is limited by a lack of mechanistic data. 

The complex biological interactions between cellular receptors and KOS hydrogel is a critical 

area to be further explored in understanding the cellular and molecular signaling pathways 

underlying the KOS-preferred VSMC differentiation. Future studies should examine the 

individual effects of KOS hydrogel, TGF-Ⱦ, PDGF, and the Integrin pathway in a defined 

medium (e.g., KnockOutTM Serum Replacement to replace FBS) in the presence and absence 

of pathway specific inhibitors. Studies showing a coherent and coordinated stage-specific 

sequence of gene and protein expression should also be performed. The transplantation of 

hCSC-differentiated VSMCs into ischemic animal models (e.g., MI or hind limb ischemia) 

would be an important future study to determine the therapeutic roles of these cells in 

repairing damaged organs. 
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CHAPTER 3: ROLE OF TGF-  IN KOS HYDROGELS DIFFERENTIATION OF C-

KIT+ HUMAN CARDIAC STEM CELLS 
 

3.1 Abstract 
Previous work in our lab showed that c-kit+ hCSCs cultured on KOS hydrogels 

promoted smooth muscle gene and protein expression. In this study, we plan to expand upon 

this work to determine how KOS promoted this differentiation pattern. Experiments were 

conducted by culturing c-kit+ hCSCs on KOS hydrogels, TCPS, and collagen hydrogels. We 

investigated the time course of VSMC differentiation, cell contractility, inhibition of VSMC 

differentiation, and measured protein expression of TGF-Ⱦ1 and its associated proteins. Cell 

contractility was measured using a collagen lattice contraction assay. Expression of three 

VSM markers Ƚ-SMA, calponin, and SMMHC were monitored with IF prior to differentiation, 

14, and 28 days after differentiation induction. VSM differentiation was inhibited with A83-

01 on TCPS and KOS hydrogels, and TGF-Ⱦ �AB on KOS hydrogels. Production of TGF-Ⱦ1 was 

measured using ELISA the day before and after differentiation induction, and every 7 days 

throughout the 28 day differentiation protocol. TGF-Ⱦ associated proteins, LTBP-1, and LAP 

were measured prior to differentiation induction, then 14 and 28 days after induction using 

western blot. KOS hydrogel differentiated hCSCs significantly increased expression for all 

three VSM markers compared to TCPS differentiated cells. Additionally, KOS differentiated 

hCSCs were significantly more contractile than cells differentiated on TCPS.  RhTGF-Ā1 was 

able to induce VSM differentiation on TCPS. VSM differentiation was successfully inhibited 

using TGF-Ⱦ �ABs and A83-01. ELISA analysis revealed that both TCPS and KOS hydrogel 

differentiated cells produced TGF-Ⱦ1, with higher levels being measured at early time points 

on TCPS and latter time points on KOS hydrogels. Results from supplementing rhTGF-Ⱦ1 to 

TCPS and KOS hydrogels revealed that KOS seems to interact with TGF-Ⱦ to a greater extent.  

Western blot results revealed that LTBP-1 and LAP had elevated levels early during 

differentiation. Further, the levels of LTBP-1 and LAP were higher on KOS differentiated 

hCSCs than TCPS hCSCs. This study reaffirms previous results of a VSM phenotype observed 

on KOS hydrogels, and provides a strong evidence for TGF-Ⱦ1 inducing VSM differentiation 

on KOS hydrogels. Additionally, results from ELISA and western blot provide evidence that 
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KOS plays a direct role in this pathway via interactions with TGF-Ⱦ1 and its associated 

proteins, LTBP-1 and LAP. 

 

3.2 Introduction 
Heart Disease is the leading cause of mortality in the United States, accounting for 1 

out of every 4 deaths at a cost exceeding 200 billion dollars annually. CAD is the most 

common type of heart disease killing over 370,000 people each year (174). To have any 

chance to regenerate intermediate sized vasculature of the heart it is necessary to produce 

and abundant source of VSMCs. Previously published data conducted in our lab has shown 

that c-kit+ hCSCs differentiated on the keratin-based biomaterial KOS show a high percentage 

(~72%) of cells positive for smooth muscle marker Ƚ-SMA indicating potential vascular 

smooth muscle (VSM) differentiation (24). The etiology of this differentiation was unknown 

and for this reason, we chose to further investigate c-kit+ hCSC differentiation on KOS 

hydrogels. Several processes have been described to produce VSMCs in vitro including; small 

molecules such as ascorbic acid (175), matrix proteins (176, 177), cyclic mechanical strain 

(178), and stimulation by various growth factors (PDGF-AA, PDGF-BB, TGF-Ⱦ1) (134, 179, 

180).  

Of the various methods used to induce smooth muscle differentiation in vitro TGF-Ⱦ1 

signaling is certainly among the most commonly reported (111, 114, 120-122, 181). TGF-Ⱦ1 

has been reported to produce VSMC differentiation in ESCs and somatic stem cells (111, 119, 

123, 124), by increasing expression of VSMC contractile proteins and producing a 

corresponding contractile phenotype (125-127). TGF-Ⱦ1 is translated as an inactive form 

known as Pro-TGF-Ⱦ1 (182) which consists of the LAP and TGF-Ⱦ1. This pro-peptide is 

packaged and processed in the rough endoplasmic reticulum and Golgi apparatus (182) to 

form the SLC composed of LAP + TGF-Ⱦ1 bound by noncovalent bonds. This complex is 

further bound to LTBP-1 and to the LAP via a covalent bond to form the LLC (113). After 

formation LLC is then excreted from the cell and then is bound by fibrillin and fibronectin in 

ECM (113). This complex can release TGF-Ⱦ1 via various mechanisms (e.g. mechanical stretch 

or proteolysis) (99-101). After TGF-Ⱦ1 is released  from LLC the free TGF-Ⱦ1 is available to 
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bind TGF-Ⱦ receptor I/TGF-Ⱦ Receptor II complex (TGFBRI/TGFBRII) (113). This activates 

the SMAD2/3 co-SMAD canonical TGF-Ⱦ1 signaling pathway (113-117).  

Keratin biomaterials (including KOS hydrogels) are a new comer in biomedical 

research but have found a wide range of applications in a relatively short period of time. KOS 

hydrogels have been used in drug release and cell delivery (25, 28, 50, 51, 59), several 

models of nerve injury (32-35), and a study examined the use of KOS hydrogels in a rat model 

of MI (36). These studies have shown excellent biocompatibility, a range of biomedical 

applications, and potential as a therapeutic for cardiac regeneration. Keratin based 

biomaterials like KOS also offer distinct advantages over other biomaterials. For instance, 

KOS is not susceptible to enzymatic digestion by collagenases (183), and also contains cell 

binding motifs (19) that are not present in polysaccharide based biomaterials like alginate 

or chitosan. Compared to the alternative keratin biomaterial KTĀ KOS has a lower thiol 

content due to the method of extraction via oxidative chemistry versus reductive chemistry 

(18, 19). The oxidative process of protein extraction is ideal for applications requiring 

hydrogel formulations but comes with the trade-off that KOS has a lower capacity to 

spontaneously self-assemble via disulfide covalent crosslinking.  This issue can be resolved 

by using chemical crosslinkers like genipin (24) which imparts greater mechanical strength 

to the material. 

The objective of this study is to understand the molecular signaling behind VSM 

differentiation of c-kit+ hCSC on KOS hydrogels. Based upon previously published data and 

preliminary evidence, we hypothesize that TGF-Ā1 is integral in the differentiation pattern 

observed on KOS hydrogels. To validate our hypothesis, we established a differentiation 

protocol to produce VSMCs from c-kit+ hCSCs on TCPS, and KOS hydrogels. We then 

examined the differentiation time-course of cells prior to induction, 14 and 28 days after 

induction on KOS hydrogels and TCPS with a TGF-Ⱦ1 antagonistic small molecule (A83-01), 

and a pan TGF-Ⱦ neutralizing antibody using immunofluorescence (IF) examining three 

markers for VSM differentiation (Table 3.2). Additionally, cell contractility was measured 

using a collagen lattice contraction assay. We then examined the cellular production of TGF-

Ⱦ1, LAP, and LTBP-1 to determine how KOS interacts with TGF-Ⱦ1 and its associated proteins. 

The level of TGF-Ⱦ1 was measured prior to and after induction, and then every 7 days 
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throughout differentiation using a TGF-Ⱦ1 ELISA. LAP and LTBP-1 were measured from cell 

lysate prior to induction, 14 and 28 days after induction using Western blot. 

 

3.3 Materials and Methods 
3.3.1 Reagents 

All chemicals used in the present study are listed below unless stated elsewhere: 30% 

bis-acrylamide, clarity ECL Western blotting substrate and Laemmli buffer (all from Bio-

Rad), 5-Aza, Ⱦ-mercaptoethanol, BSA, Bradford reagent, EPO, A83-01, l-glutathione, PFA, and 

peracetic acid (all from Sigma-Aldrich), Hoechst 33342 (Hoechst), Page Ruler Prestained 

Protein Ladder, P/S, RIPA buffer, Glacial Acetic Acid, SDS, sucrose S5-500, TRIzol, Tris base, 

Trypan blue, Knockout SR, Calcein-AM, and Tween-20 (all from Life Technologies), b-FGF 

(Pepro-Tech), ethanol (Decon Laboratories), FBS (JR Scientific), genipin (methyl (1S,2R,6S)-

2-hydroxy-9-(hydroxymethyl)-3-oxabicyclo [4.3.0] nona-4,8-diene-5-carboxylate) 

(WakoChemicals), lyophilized KOS (Dr. Mark Van Dyke, Virginia Tech) porcine pancreatic 

elastase (elastase) (Worthington Biochemical Corporation), phosphate-buffered saline  

(PBS) (Quality Biological), and Vectashield antifade mounting medium (Vector 

Laboratories), TGF-Ⱦ1 ELISA (Biolegend Inc), rhTGF-Ⱦ1 (Biolegend Inc). 

 

3.3.2 hCSC Isolation and Cell Culture 

Patient heart samples (i.e., atrial appendages) were obtained as discarded tissues 

from local hospitals. Donor confidentiality was maintained at the hospital’s request and no 

patient identification information or medical history was collected according to the 

approved protocol. A written consent agreement was obtained for collection of discarded 

atrial appendages by the hospital and all procedures were approved by the IRB of Virginia 

Polytechnic Institute and State University for human subject research. The isolation and 

culture of hCSCs were previously described (50). 

 

3.3.3 Keratin Isolation and Keratose Hydrogel Formation 

KOS was supplied by Dr. Mark Van Dyke’s laboratory at Virginia Tech. Briefly, KOS 

was  extracted  and  purified  from  human  hair  fibers  that  had  been  washed with detergent,  
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Table 3.1. Stem Cell Culture and Differentiation Medium (all contains 89% HAM/F12) 
 
MAIĀTE�A�CE MEDIUM COMPOĀEĀTS FUĀCTIOĀS 
A. hCSC (FBS) FBS (10%), L-Glutathione 

(200μM),rhbFGF (10ng/mL), 
rhEPO (0.005units/mL) 
 

Maintain hCSCs as stem cells 

B. hCSC (SR) KnockOutTM SR (10%), L-
Glutathione (200μM), rhbFGF 
(10ng/mL), rhEPO 
(0.005units/mL) 
 

Maintain hCSCs as stem cells and 
avoid addition of TGF-Ⱦ from FBS 

DIFFEREĀTIATIO� 
MEDIUM COMPOĀEĀTS FUĀCTIOĀS 

A. Cardiac Induction FBS (10%), P/S (1%), 5-Aza 
(10μM) 

Induce cardiomyocyte 
differentiation 
 

B. TCPS VSMC (FBS+5-
Aza) 

FBS (10%), P/S (1%), 5-Aza 
(10μM), rhTGF-Ⱦ1 (5ng/mL) 

Induce VSMC differentiation and 
measure effect of 5-Aza on VSMC 
differentiation 
 

C. TCPS VSMC (SR+5-
Aza) 

KnockOutTM SR (10%), P/S (1%), 
5-Aza (10μM), rhTGF-Ⱦ1 (5ng/mL) 

Induce VSMC differentiation 
without additional TGF-Ⱦ from 
FBS, and measure effect of 5-Aza 
on VSMC differentiation 
 

D. TCPS VSMC (FBS) FBS (10%), P/S (1%), rhTGF-Ⱦ1 
(5ng/mL) 
 

Induce VSMC differentiation  

E. TCPS VSMC (SR) KnockOutTM SR (10%), P/S (1%), 
rhTGF-Ⱦ1 (5ng/mL) 

Induce VSMC differentiation 
without additional TGF-Ⱦ from 
FBS 
 

F. KOS VSMC (SR+5-
Aza) 

KnockOutTM SR (10%), P/S (1%), 
5-Aza (10μM) 

Measure effect of 5-Aza on KOS 
VSMC differentiation 
 

G. KOS VSMC (FBS) FBS (10%), P/S (1%) Measure effect of TGF-Ⱦ from FBS 
on KOS VSMC differentiation 
 

H. KOS VSMC (SR) KnockOutTM SR (10%), P/S (1%) Induce VSMC differentiation on 
KOS hydrogels 
 

I. TGF-Ⱦ1 Inhibition 1 KnockOutTM SR (10%), P/S (1%), 
A83-01 (500nM) 

Inhibit TGF-Ⱦ1 signaling on KOS 
hydrogel differentiation 
 

J. TGF-Ⱦ1 Inhibition 2 KnockOutTM SR (10%), P/S (1%), 
rhTGF-Ⱦ1 (5ng/mL) A83-01 
(500nM) 
 

Inhibit TGF-Ⱦ1 signaling on TCPS 
differentiation 

K. TGF-Ⱦ1 Inhibition 3 KnockOutTM SR (10%), P/S (1%), 
TGF- Ⱦ ĀAB (25μg/mL) 

Measure effect of TGF-Ⱦ removal 
from KOS hydrogel differentiation 
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rinsed, and dried. For 100 g of fibers, 2 L of a 2% (w/v) peracetic acid solution was used to 

oxidize protein disulfide bonds by heating it at 37oC for 14 h with gentle rotary stirring. The 

fibers were recovered by sieve and extracted twice with 4 L of 100mM Tris base solution. 

The fibers were separated by sieve and the extracted solutions were combined, centrifuged 

to remove suspended particulates, and filtered through �o. 4 Whatman filter discs (Thermo 

Fisher). The protein solution was purified and high-molecular-weight keratin nanomaterial 

was isolated by membrane filtration in a custom ultrafiltration system. The membrane cutoff 

used was 100 kDa and a proprietary buffer solution facilitated separation of the material of 

interest. After removal of low molecular-weight contaminants, the keratin nanomaterial 

solution was concentrated against dilute buffer using the same 100 kDa membrane, the 

material was then frozen and lyophilized (50). 

KOS hydrogel was made with 4.5% lyophilized oxidized keratin (w/w) in PBS and 

1.5% genipin (w/w) in various culture plates or coverslips. The KOS hydrogel was plated at 

a thickness of ~0.5 mm, and let to sit for 12 hours to allow the genipin to crosslink. Hydrogels 

that were to be used for photomicrographs were produced by making a ‘‘sandwich’’ between 

parafilm and glass coverslips, so removing the glass coverslip after 12 hours produced a flat 

surface that was ideal for cell imaging. In both cases, the hydrogels were then washed three 

times (5 min each) in PBS and covered with PBS for 48 hours to remove any residual genipin 

from the hydrogels. After the PBS was removed, hCSCs were seeded on top of the KOS 

hydrogels 

 

3.3.4 TCPS and KOS Hydrogel Vascular Smooth Muscle Differentiation 

VSMC differentiation was induced with two different protocols, one for TCPS and one 

for KOS hydrogels. For TCPS, hCSCs were plated at a density of 6.3x103 cells/cm2 and 

cultured with maintenance medium B (Table 3.1) using Knockout Serum Replacer (SR) in 

place of FBS for 3 days, changing the medium 24 hours after plating.  To induce a VSMC 

phenotype differentiation medium E was used (Table 3.1). The medium was changed every 

48 hours for a 28 day differentiation period. 

For KOS hydrogels, hCSCs were plated at a density of 1.2x104 cells/cm2 and cultured 

with maintenance medium B (Table 3.1) with SR in place of FBS for 3 days, changing the 
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medium 24 hours after plating. To induce differentiation for hCSCs on KOS hydrogels we 

used differentiation medium H (Table 3.1). The hCSCs were maintained in the differentiation 

culture condition for 28 days changing the medium every 48 hours. 

 

3.3.5 Immunocytochemistry 
One primary antibody was used to identify stem cells (c-kit) and three antibodies 

were used to identify VSMCs (Ƚ-SMA, calponin and Myh-11 see Table 3.2). Due to 

autofluorescence of genipin-crosslinked KOS hydrogels, cells were detached with elastase or 

TrypLE, then washed with PBS, and allowed to attach to glass coverslips for 2 hours or 

cytospun. Cells were then fixed in 2% PFA at RT for 30 minutes and then blocked in 1.5% 

BSA buffer containing 0.2% Tween20 for 30 minutes at room temperature. The resulting 

cells were then incubated with either 1:200 c-kit, 1:300 Ƚ-SMA, and 1:1000 calponin, and 

1:30 Myh-11 primary antibody overnight at 4oC on a plate-shaker and then washed 3 times 

with PBS (5 minutes each) and stained with a secondary antibody, either goat anti rabbit 

Alexa Fluor 488 (c-kit+Myh-11) or goat anti mouse Alexa Fluor 594 (Ā-SMA+ calponin), at a 

concentration of 1:2000 in blocking buffer. An additional set of coverslips were stained only 

with a secondary antibody as a negative control, and Hoechst was used in all groups to label 

cell nuclei. Fluorescent images of the TCPS and KOS-hydrogel cultured cells were taken using 

an Olympus IX73 microscope. The intensity of fluorescence was calculated against the total 

number of nuclei and the results were plotted as a bar graph for statistical analysis.    

 

3.3.6 Collagen Lattice Contraction Assay 

Contractility of hCSCs was measured for cells differentiated on TCPS with or without 

5ng/mL rhTGF-Ⱦ1, or on KOS hydrogels for 28 days. Mice tails were collected from 6-12 week 

old �SG mice and stored in -80oC until an adequate number had been collected (~40tails). 

Mouse tails were then thawed in 70% ethanol for 15 minutes. Using wire strippers, ~1 

centimeter sections of the tail were stripped starting at the thinnest section to remove 

tendons. Tendons were then transferred to an ice cold 0.1% acetic acid solution at a ratio of 

about 100 ml of acetic acid solution per gram of tendon. The solution was placed in in the 

4oC refrigerator for 2 days and mixed every half day.  After the tendons dissolved the solution 

was transferred to high speed centrifuge tubes and spun at 8800 x g for 90 minutes  



56 
  

Table 3.2 List of Primary and Secondary Antibodies 

Antibody Names  Antibody Type (Usage)            Company (Catalog 
Number) 

Ƚ-SMA  Mouse Monoclonal 
(Immunofluorescence) 

Āovus Biologics (NBP2-
32808) 

SMMHC (Myh-11) Primary Polyclonal Rabbit 
(Immunofluorescence) 

Sigma-Aldrich 
(HPA015310) 

Calp Primary Monoclonal Mouse 
(Immunofluorescence) 

Sigma-Aldrich (C2687) 

LAP Primary Polyclonal Goat (Western Blot) R+D Biologics (AF-246-
NA) 

TGF-Ⱦ1 Primary Polyclonal Rabbit (�eutralizing 
antibody) 

R+D Biologics (AB-100-
NA) 

LTBP-1 Primary Monoclonal Mouse (Western 
Blot) 

R+D Biologics (MAB399) 

Ⱦ-A Primary Monoclonal  Mouse (Western 
Blot) 

ThermoFisher(MA1140) 

Alexa Flour 594 Secondary Goat Anti Mouse 
(Immunofluorescence) 

ThermoFisher(A11005) 

Alexa Flour 488 Secondary Goat Anti Rabbit 
(Immunofluorescence) 

Jackson Lab (115-545-
062)  

Peroxidase-Conjugated Secondary Goat Anti Rabbit (Western 
Blot) 

Jackson Lab (65-6120) 

Peroxidase-Conjugated Secondary Goat Anti Mouse (Western 
Blot) 

Jackson Lab (115-035-
062) 

Peroxidase-Conjugated Secondary Mouse Anti Goat ( Western 
Blot) 

Jackson Lab (205-035-
108) 

 
             Abbreviation:   Ⱦ-A: Beta Actin; Ƚ-SMA: alpha Smooth Muscle Actin; SMMHC: Smooth 
Muscle Myosin Heavy Chain;  Calp: Calponin-1;  LAP: Latency Associated Peptide;  TGF-Ⱦ1: 
Transforming Growth Factor Beta 1;  LTBP-1 Latent TGF-Ⱦ Binding Protein-1 

 

at 4o C. The supernatant was transferred to new conical tubes and frozen at -20oC for 2 hours 

and then transferred to -80oC overnight. The next day the frozen samples were lyophilized 

until dry.  Cells were mixed with collagen to form a 3% collagen solution with a cell 
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concentration of 3.75x10^5 cell/mL and allowed to cross-link for 1 hour. Contraction was 

observed over a 48 hour period of time measuring at 6 hours, 24 hours, and 48 hours. 

Contractility was measured as a ratio of the initial size of gel at time=0 hours. 

 

3.3.7 Carbachol Induced Cell Contraction 

Cells were allowed to spontaneously differentiate for a standard 28 day protocol on 

KOS hydrogels and compared against undifferentiated cells on collagen hydrogels. After 

differentiation, cells were washed with Krebs solution containing 118mM ĀaCl, 4.7mM KCl, 

1.2mM KH2PO4, 1.2mM MgSO4, 25mM ĀaHCO3, 1.25mM CaCl2, and 110mM glucose. Then the 

Krebs solution was removed and replaced with Krebs containing 1mM carbachol. 

Subsequently photomicrographs were taken every 90 seconds over a 15-minute interval. 

These images were used to create brief time lapse videos for each condition using ImageJ 

analysis software. 

 

3.3.8 TGF- ELISA Assay 

Cells were cultured on TCPS or on KOS hydrogels and allowed to spontaneously 

differentiate using differentiation medium H (Table 3.1). During differentiation cell culture 

medium was collected at the time of medium change 1 day before differentiation induction, 

1 day after differentiation induction, and then every 7 days throughout the 28 day 

differentiation time-course. Six replicates were collected for each cell culture time-point and 

each replicate was run in triplicates. The assays were carried out following the 

manufacturer’s protocol (LEGE�D Max Free Active TGF-Ⱦ1 ELISA kit). Additionally, 

differentiation medium E (Table 3.1) containing free rhTGF-Ⱦ1 was measured on TCPS and 

KOS hydrogels without cells to determine if there was an interaction with TCPS or KOS 

hydrogels that could potentially deplete levels of free TGF-Ⱦ1 measured from conditions with 

cells. Levels of rhTGF-Ⱦ1 were measured at various time intervals (0, 12, 24, 48 hours) during 

the typical 48 hour interval in which cell culture medium would be changed. 

 

3.3.9 Western Blotting 

Cells were cultured on TCPS or on KOS hydrogels and allowed to spontaneously 

differentiate using differentiation medium H (see Table 3.1). For the TCPS control, the plate 



58 
  

was washed with PBS and then cell lysate was directly obtained by adding RIPA buffer. For 

the KOS hydrogel-coated wells, cells were first detached using 7 U/ml elastase for ~1 minute 

and washed once with PBS to remove any residual hydrogel before being treated with RIPA 

buffer. Protein lysate was quantified using the Bradford assay and then mixed with 4X 

loading buffer with or without Ⱦ-ME (10% Ⱦ-ME in laemmli buffer) at a 1:4 dilution and 

incubated for 5 minutes at 95oC. Samples were then loaded into a 4-20% gradient SDS-

Stacking gel and ran in a Mini Protean Tetra Cell (Bio-Rad) at 100V for 15 minutes followed 

by 150V for ~60 minutes. The protein was then transblotted onto a PVDF membrane using 

a Mini Protean Tetra Cell in an ice bath at 90mA for 16 hours. The transblotted membrane 

was blocked for 1.5 hours at RT in 3% milk solution in TBST on a plate rocker. Membranes 

were immunoblotted with specific primary antibodies (LAP, or LTBP-1 see Table 3.2) to 

determine the amount of TGF-Ⱦ1 associated proteins that were present prior to 

differentiation induction, 14 days, and 28 days post differentiation induction. Ⱦ-A was used 

as an endogenous control. The following optimized conditions were used in the study: 1:100 

(LAP), 1:5000 (Ā-A), and 1:500 (LTBP-1). All antibodies were diluted in 1% milk solution 

and incubated with PVDF membranes overnight on a plate rocker at 4oC, then washed 3 

times (5 minutes each) with TBST solution. The membranes were then incubated with 

mouse or goat secondary antibodies conjugated with HRP at 1:10000 for 2 hours at RT on a 

plate shaker. Films were washed and treated with ECL and images were taken immediately 

on a Kodak Image Station 400MM. 

 

3.3.10 Inhibition of TGF- Signaling 

To determine if TGF-Ⱦ1 signaling could be inhibited, hCSCs were cultured on either 

TCPS or KOS hydrogels and induced with differentiation medium E on TCPS or with 

differentiation medium H (Table 3.1) on KOS hydrogels.  

 

3.3.10.1 A83-01 Small Molecule Inhibition 

TGF-Ⱦ1 was inhibited on TCPS and KOS hydrogels with a TGFBR1 inhibiting small 

molecule A3-01.  TCPS VSM differentiation was inhibited with differentiation medium J and 

KOS hydrogels were inhibited with differentiation medium I (Table 3.1), both containing 
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500nM A83-01. Differentiation was induced for 28 days and followed by immunostaining 

with Ƚ-SMA and secondary antibody conjugated with Alexa flour 488. 

 

3.3.10.2 TGF- Neutralizing Antibody Inhibition 

While A83-01 is a potent inhibitor of TGF-Ⱦ1 it can interact with other signaling 

pathways (184). To eliminate the possible crosstalk with other signaling pathways we 

elected to inhibit TGF-Ⱦ1 signaling using a neutralizing antibody specific to TGF-Ⱦ to inhibit 

differentiation. In these experiments we inhibited differentiation on KOS hydrogels using 

either differentiation medium H to induce VSMC differentiation or medium K to inhibit VMSC 

differentiation. Differentiation inhibition was maintained for 21 days (changing the medium 

every 48 hours) and for the remaining 7 days of differentiation cells were cultured with 

medium H until day 28. Following differentiation cells were stained for VSM markers   (Ƚ-

SMA, calponin, and SMMHC) and corresponding secondary antibodies as described 

previously.  

 

3.3.11 Statistical Analysis 

All experiments were repeated at least three times with more than three replicates 

per group. All data are shown as mean ± standard error of mean unless otherwise stated. 

Student’s t-test with a two-tailed distribution was used to compare two groups. Two-way 

A�OVA followed by the Bonferroni test was used to compare three or more groups with P < 

0.05 being considered statistically significant. GraphPad Prism 5 and Microsoft Excel 2013 

were used for statistical analysis and plotting.  

 

3.4 Results 
3.4.1 5-Aza Does Not Play a Significant Role in KOS hydrogel Differentiation 

To determine whether 5-Aza is necessary for KOS hydrogel-induced VSMC 

differentiation, we repeated the above differentiation experiments using the DM with or 

without 5-Aza. The results demonstrated that hCSCs did spontaneously differentiate into 

VSMCs on KOS hydrogel using the DM without 5-Aza (Figure 3.1). Unexpectedly, the 

percentage (71.6±2.23%) of VSMCs in the presence of 5-Aza is almost the same as in the 
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absence of 5-Aza (70.5±+3.3%, n=4-5, no significant difference) when differentiated on KOS 

hydrogel. This indicates that KOS hydrogel alone is able to differentiate hCSCs into VSMCs 

without 5-Aza, and addition of 5-Aza seemed not to generate significant effects.  In addition,

“long-term” hCSCs cultured on KOS hydrogel maintained high expression level of c-kit stem 

cell marker (similar to those in TCPS control dish, Figure 2.8), a good portion (15.3±2.7%) of 

hCSCs still spontaneously differentiated into VSMCs in hCSC medium, which suggests a 

strong biological regulatory effect of KOS on hCSC differentiation.

 

 
 
Figure 3.1 Effects of FBS, 5-Aza, and SR on VSMC differentiation  

Immunocytochemical staining of Ƚ-SMA (Post-Diff) differentiation of hCSCs on KOS 
hydrogel Representative fluorescent images were taken from cytospun cells (A). Mean 
percentages of positive cells counted against the total nucleus (FBS+5-Aza), (FBS) and 
(KnockOutTM) were plotted in Panel B (B). Scale bar = 50 m. n=4-5, ns=not significant. 
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3.4.2 TGF- 1 Induces VSM Differentiation of c-kit+ hCSCs on TCPS 

Since our previous results demonstrated that c-kit+ hCSCs were expressing high levels 

of VSM genes and protein markers for cells cultured on KOS hydrogels (24), we wanted to 

know if this could also be induced on TCPS. To determine if this would be the case we induced 

differentiation with rhTGF-Ⱦ1 at a concentration of 5ng/mL and maintained the cells for 28 

days changing the culture medium every 48 hours. At the end of the period we examined Ƚ-

 

Figure 3.2 TGF- promotes smooth muscle differentiation on TCPS  
Representative fluorescent images were taken from TCPS dishes with attached cells on 

coverslips for microscopy imaging (A). Mean percentages of positive cells counted against the 
total nuclei (B). Scale bar=200μm. ns= not significant, **   p< 0.01, ***  p< 0.001, n = 4 
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SMA expression using IF. We also examined the effect of FBS, and SR on the differentiation 

profile. Our results demonstrated a statistically significant increase in Ƚ-SMA positive cells 

for both groups that were supplemented with rhTGF-Ⱦ1 compared to the conditions where 

TGF-Ⱦ was not supplemented (Figure 3.2) FBS (36.49±2.89% with rhTGF-Ⱦ1 vs 8.91±0.78% 

without TGF-Ⱦ1 n=4 p<0.001) and SR (64.49±4.22% with rhTGF-Ⱦ1 vs 12.54±2.79% n=4 

p<0.001).  Additionally, there was a statistically significant increase of Ƚ-SMA positive cells 

cultured in SR with rhTGF-Ⱦ1 compared to cells cultured in FBS with rhTGF-Ⱦ1 (64.49±4.22 

vs 36.49±2.89 n=4 p<0.01). Interestingly, the percentages of Ƚ-SMA positive cells was very 

similar to levels seen for the SR TCPS group supplemented with growth factor compared to 

cells cultured on KOS hydrogels in our previous study (~65% vs ~70%)(24).  

 

3.4.3 KOS Hydrogels Differentiation Significantly Increases Smooth Muscle 

Phenotype 

To determine the differentiation time-course of c-kit+ hCSCs we monitored the 

expression of 3 different markers that are indicative of VSM differentiation: Ƚ-SMA, Calponin, 

and SMMHC (111, 185-187). Differentiation was induced by removal of b-FGF, EPO and l-

glutathione from hCSC maintenance medium B (see Table 3.1). Cells were monitored prior 

to differentiation induction, 14, and 28 days after induction. To measure the level of protein 

expression, fluorescent intensity was normalized to the number of nuclei and then to the 

level of TCPS pre-induction. Prior to differentiation induction levels of all 3 markers were 

similar (Figure 3.3) for TCPS and KOS hydrogel cultured cells: Ƚ-SMA (TCPS 1.00±0.10 n=5 

vs KOS 0.74±0.10 n=4), calponin (TCPS 1.00±0.15 n=4 vs KOS 1.00±0.34 n=4), and SMMHC 

(TCPS 1.00±0.28 n=4 vs KOS 0.88±0.26 n=4) there was no significant difference between any 

of the groups. For day 14 all markers increased compared to pre-induction, but only calponin 

saw a significant difference between the KOS hydrogel and TCPS (TCPS 3.24±0.34 n=4 vs 

KOS 7.54±0.61 n=4 p<0.001), levels for Ƚ-SMA (TCPS 3.40±0.77 n=4 vs KOS 5.38±1.22 n=4 

p=0.0921) and SMMHC (TCPS 2.20±0.37 n=4 vs KOS 4.92±0.61 n=4 p=0.0998) were not 

significantly different from each other. By day 28 after differentiation induction KOS 

differentiated cells had significant increases for all three markers compared to TCPS at the 

same time-point, Ƚ-SMA (TCPS 2.26±0.61 n=5 vs KOS 19.37±1.17 n=4 p<0.001), calponin 
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(TCPS 2.44± n=4 vs KOS 9.33±1.12 n=4 p<0.001), and SMMHC (TCPS 1.58±0.21 n=4 vs KOS 

10.86±1.99 n=4 p<0.001).  

 
Figure 3.3 VSMC differentiation time course on KOS hydrogels 

Representative images of cells stained with Ƚ-SMA (red) and SMMHC (green) (A). 
Representative images of cells stained with Calponin (red) and SMMHC (green) (B). Mean data 
(>1000 cells per replicate) of fluorescent intensity normalized to cell number and Pre-Diff TCPS 
(C). Scale bar=100μm. ns=not significant,  ***  p< 0.001, n = 4 
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3.4.4 VSMC Differentiation is Consequence of KOS Hydrogels not an Effect of 

Hydrogel Cell Culture 

To determine if a protein based biomaterial was able to induce VSM differentiation 

cells were differentiated on collagen hydrogels, and collagen hydrogels crosslinked with 

genipin using differentiation medium H. (Table 3.1). After a 28-day differentiation induction 

cells were stained for the same 3 VSM markers (Ƚ-SMA, calponin, and SMMHC). IF results 

demonstrated that the level of protein expression was significantly lower for collagen and 

genipin cross linked collagen compared to KOS (Figure 3.4) for all 3 VSM markers: Ƚ-SMA 

(9.29x105±3.24x104 vs 1.68x105±2.79x104and 1.02x105±5.94x104 n=4 p<0.001), calponin 

 
Figure 3.4 Collagen hydrogels exhibit lower levels of VSMC protein expression than KOS 
hydrogels 

Representative images of cells stained with Ƚ-SMA (red) and SMMHC (green) (A). 
Representative images of cells stained with Calponin (red) and SMMHC (green) (B). Mean data 
(>1000 cells per replicate) of fluorescent intensity normalized to cell number and Pre-Diff TCPS 
(C). Scale bar=100μm. ns=not significant, ***  p< 0.001, n = 4 
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(6.47x105±3.38x104 vs 1.50x105±7.73x104 and 6.40x104±4.53x103 n=4 p<0.001), and 

SMMHC (4.19x105±1.06x105 vs 1.16x105±2.54x104 and 6.07x104±1.85x104 n=4 p<0.001). 

 

Figure 3.5 KOS hydrogel differentiated cells are more contractile that TCPS differentiated 
cells: Collagen lattice contraction assay  

hCSCs were differentiated on TCPS with or without 5ng/mL rhTGF-Ⱦ1 or on KOS hydrogels 
for 28 days then detached and the mixed with collagen at a concentration of 3.75x10^5 cell/mL 
and allowed to cross-link. Contraction was measured over a 48 hour period of time. Panel A shows 
representative images of collagen hydrogels (A). Mean data of ratio of initial size at each time-
point measured (B). Scale bar=200μm. ns=not significant, *   p< 0.05, **  p< 0.01, n = 6 
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There was also no statistical difference for any of the collagen groups compared to the TCPS 

control Ƚ-SMA (1.15x105 ±3.08x104 vs 1.68x105±2.79x104and 1.02x105±5.94x104, n=4, ns), 

calponin (1.43x105 ±2.97x104  vs 1.50x105±7.73x104 and 6.40x104±4.53x103, n=4, ns), and 

SMMHC (6.58x104 ±9.05x103 vs 1.16x105±2.54x104 and 6.07x104±1.85x104, n=4, ns). 

 

3.4.5 Cell Contractility 

In an effort to measure the functional contractility of KOS hydrogel differentiated cells 

we used a collagen lattice contraction assay. Contractility was measured for 3 different cell 

treatment groups, TCPS differentiated cells, KOS hydrogels differentiated cells, and   TCPS 

cells differentiated with rhTGF-Ⱦ1. Our results showed greater contraction of collagen for 

KOS hydrogel differentiated cells than TCPS differentiated cells at 24-hour (TCPS=0.66±0.01 

n=6 vs KOS=0.52±0.04 n=6 p<0.05) and 48-hour (TCPS=0.56±0.02 n=6 vs KOS=0.42±0.02 

n=6 p<0.05) time-points. Additionally, the rhTGF-Ⱦ1 stimulated hCSCs were also significantly 

more contractile than the standard TCPS cultured hCSCs at 24-hour (TCPS=0.66±0.01 n=6 

vs TCPS+TGF-Ⱦ=0.49±0.02 n=6 p<0.01) and 48-hour (TCPS=0.56±0.02 n=6 vs 

KOS=0.39±0.01 n=6 p<0.05) time-points. Additionally, we found that carbachol (an M3 

muscarinic agonist (188)) stimulated cell contraction of hCSCs differentiated on KOS 

hydrogels while undifferentiated cells on collagen hydrogels did not (data not shown). 

 

3.4.6 Dynamic Change of TGF-  and Associated Peptides Concentrations  

VSM differentiation observed on KOS hydrogels without the supplementation of TGF-

Ⱦ1 was an interesting finding since the cell culture medium should be free of any TGF-Ⱦ1 

because SR does not contain TGF-Ⱦ. If this was the case we needed to determine if the cells 

were producing TGF-Ⱦ1. To do so we measured free TGF-Ⱦ1 and its associated proteins (LAP 

and LTBP-1) using TGF-Ⱦ1 ELISA and western blotting to monitor the levels of these proteins 

in cell culture medium, and cell lysate at periodic intervals before and after differentiation 

induction. Additionally, we measured levels of rhTGF-Ⱦ1 plated on KOS hydrogels and TCPS 

without cells over an interval of 48 hours (typical time of medium change) to determine if 

TGF-Ⱦ1 was binding to either KOS or TCPS in a way that might interfere with ELISA 

measurements.  
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The results of ELISA experiments demonstrated that cells on KOS hydrogels and TCPS 

both produced TGF-Ⱦ1 during the course of differentiation, but the highest measurements 

were at early time-points (pre-induction to day 8 post induction) for TCPS cells and late time-

points (post induction day 22 to day 28) for KOS cells (Figure 3.6A). The highest level of TGF-

Ⱦ1 was measured on day 8 post induction (17.20±2.38 pg/mL, n=4) for TCPS cells, and on 

day 28 post induction (17.61±2.08pg/mL n=4) for cells on KOS hydrogels.  This trend was 

also statistically significant when comparing TCPS to KOS. At early time points: day 1 pre-

induction (TCPS=7.93±0.26pg/mL vs KOS=1.35±0.28 pg/mL p<0.001), day 1 post-induction 

(TCPS=3.58±2.38pg/mL vs KOS=0.03±0.28pg/mL p<0.05), day 8 post-induction  

 
Figure 3.6 C-kit+ hCSCs secrete TGF- 1: TGF- 1 ELISA assay 

Mean data of TGF-Ⱦ1 measured from cell culture supernatant (A). Mean data of rhTGF-Ⱦ1 
measured from cell free supernatant (B). * when TCPS>KOS, # when TCPS<KOS , ns=not 
dignificant, *p<0.05, **p<0.01, ***p<0.001, ###p<0.001 n=4. 
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(TCPS=17.20±2.38pg/mL vs KOS=1.86±0.48pg/mL p<0.001), and day 15 post-induction 

(TCPS=5.13±1.55pg/mL vs TCPS=0.69±0.83pg/mL p<0.01) TGF-Ⱦ1 was higher for TCPS 

cells, and at later time-points the trend reverses and TGF-Ⱦ1 is higher for KOS cells at day 28 

(TCPS=1.43±2.74pg/mL vs KOS=17.61±2.08pg/mL p<0.001).  

 

Western blot results demonstrated that LAP and LTBP-1 expression levels were 

higher at early time-points for both KOS hydrogels and TCPS cultured hCSCs (see Figure 

3.7B). Surprisingly, the levels of LTBP-1 were significantly higher on KOS hydrogels than 

 

Figure 3.7 Protein expression of TGF-  associated peptides: Western blot analysis 
Protein expression of LTBP-1, and LAP, were measured at prior to differentiation 

induction, 14, and 28 days after differentiation induction. Western blot images from TCPS and 
KOS (A). Mean data of each protein normalized to amount of Beta Actin from TCPS Pre-Diff (B). 
n=4, ns=not significant, *p<0.05 ***p<0.001 
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TCPS prior to induction (KOS=1.370±0.122 vs TCPS=1.000±0.064 n=4 p<0.001), and Day 14 

post-induction (0.274±0.041vs 0.028±0.007 n=4 p<0.05). This result was interesting 

because neither LTBP-1 nor LAP western blot measurements for KOS hydrogels (see Figure 

3.7) corresponded to the measurements of free TGF-Ⱦ1 using ELISA (see Figure 3.6A). On the 

other hand, the results were consistent between western and ELISA on TCPS both revealing 

higher levels at early time-points.  

 

Figure 3.8 A83-01 inhibition of TGF- decreases VSM differentiation on TCPS and KOS 
Representative images of Ƚ-SMA IF staining of cells differentiated under various 

treatments (A). Mean data of IF staining (B). ns=not significant, *** p<0.001, n = 4. 
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Therefore, additional ELISA experiments were needed to clarify this seemingly 

contradictory result. To determine if KOS was potentially interacting with TGF-Ⱦ1, we ran an 

additional ELISA. In this experiment, we added cell culture medium supplemented with 

rhTGF- Ⱦ1 on KOS hydrogels and TCPS for a 48-hour interval without cells. This experiment 

demonstrated that free TGF-Ⱦ1 levels were very low (Figure 3.6B) for medium plated on KOS 

hydrogels compared to TCPS. Prior to adding the medium to KOS hydrogels or TCPS plates 

the levels were identical (0-hour TCPS=6288±35pg/mL n=4), but for all later time-points 

KOS was significantly lower (12-hour TCPS=944±47pg/mL vs KOS=249±91pg/mL, n=4 

p<0.001, 24-hour TCPS=1996±40pg/mL vs KOS=268±194pg/mL n=4 p<0.001, 48 hour 

TCPS=3716±38 pg/mL vs KOS=239±73pg/mL n=4 p<0.001). This depletion of rhTGF-Ⱦ1 

from medium on KOS hydrogels provides a potential explanation for the lower numbers 

observed for the cell culture supernatant (see Figure 3.6A). 

 

3.4.7 A83-01 and TGF- NAB Inhibited KOS Hydrogel VSM Differentiation 

After determining that rhTGF-Ⱦ1 was able to induce VSM differentiation from c-kit+ 

hCSCs on TCPS and that KOS hydrogels were able to produce a similar differentiation pattern 

without supplementing TGF-Ⱦ1, our next goal was to see if this process could be inhibited 

with antagonistic small molecules and neutralizing antibodies. We chose A83-01 as a small 

molecule antagonistic drug, and a pan TGF-Ⱦ neutralizing antibody to inhibit TGF-Ⱦ1 

signaling. A83-01 is a potent TGF-Ⱦ receptor 1 (TGFBR1) inhibitor that blocks 

phosphorylation of SMAD-2 in the canonical TGF-Ⱦ1 signaling pathway (189). IF results 

revealed that A83-01 significantly inhibited Ƚ-SMA protein expression (Figure 3.8) for both 

rhTGF-Ⱦ1 supplemented TCPS (TCPS+TGF-Ⱦ1=64.49±4.22% n=4 vs TCPS+TGFȾ1+A83-

01=23.17± 2.15% n=4 p<0.001) and KOS hydrogel (KOS=71.7±3.72% n=4 vs KOS+A83-

01=26.75±5.16% n=4 p<0.001).  

While the A83-01 is a potent inhibitor of TGF-Ⱦ1 signaling, it also inhibits ALK4 and 

ALK7 (190). Therefore, we wanted to use a neutralizing antibody (pan TGF-Ⱦ antibody) to 

minimize interaction with other signaling pathways. The TGF-Ⱦ ĀAB was able to produce a 

strong inhibition for all three VSM markers (Figure 3.9): Ƚ-SMA (KOS= 9.29x105±1.35x105 

n=4 vs KOS+TGF-Ⱦ ĀAB=1.08x105±4.80x104 n=4 p<0.001), calponin 
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(KOS=6.47x105±3.38x104 n=4 vs KOS+TGF-Ⱦ ĀAB=9.09x104±1.15x104 n=4 p<0.001), and 

SMMHC (KOS=4.19x105±1.06x105 n=4 vs KOS+TGF-Ⱦ ĀAB=5.74x104±1.73x104 n=5 p<0.01).  

 

 

Figure 3.9 TGF- s VSM differentiation on KOS hydrogels. 
Panel A shows represntatiive images of cells stained for three VSMC protein markers (Ƚ-

SMA Calponin and SMMHC) and corresponding secondary antibodies conjugated with either 
Alexafluor 488 or Alexafluor 594 (A). Scale bar=200μm. Mean data of intensity per nuclei (B). n=4 
***p<0.001. 
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3.5 Discussion 
In the present study, we developed a protocol to induce VSM differentiation of c-kit+ 

hCSC on TCPS, and observed the differentiation time-course on TCPS and KOS hydrogels. We 

then monitored the production of TGF-Ⱦ1 and its associated proteins, LAP and LTBP-1. 

Additionally, we investigated the potential role of TGF-Ⱦ1 in the observed VSM differentiation 

pattern of these cells on KOS hydrogels by inhibiting differentiation using a TGF-Ⱦ1 inhibitory 

small molecule and neutralizing antibody. The results show that supplementing rhTGF-Ⱦ1 on 

TCPS was able to produce similar cell characteristics to the VSM phenotype produced on KOS 

hydrogels (Figures 3.2, 3.3, 3.5). Additionally, we found that there was no need to use 5-Aza 

to induce VSM differentiation on KOS hydrogels (Figure 3.1) and the observed differentiation 

pattern on KOS hydrogels was not observed on collagen hydrogels or collagen crosslinked 

with genipin (Figure 3.4). Collagen lattice assays and carbachol induced contraction revealed 

that cells differentiated on KOS hydrogels, and cells supplemented with rhTGF-Ⱦ1 were 

significantly more contractile than hCSCs differentiated on TCPS (Figure 3.5).  Production of 

TGF-Ⱦ1 and its associated pro-peptides LAP and LTBP-1 was enhanced on KOS hydrogels 

compared to TCPS (Figure 3.6 and 3.7). Furthermore, we found that use of TGFBR1 

inhibitory small molecule A83-01 was able to reduce expression of Ƚ-SMA on both TCPS and 

KOS hydrogels (Figure 3.8), and that a pan TGF-Ⱦ ĀAB was able to significantly reduce three 

different VSM markers on KOS hydrogel differentiated hCSCs (Figure 3.9). 

Several methods have been developed to produce VSMCs from various types of stem 

cells (111, 114, 120-122, 181). Our described method of generating VSMCs using c-kit+ hCSCs 

differentiated on KOS hydrogels presents a simple, effective, and novel method to produce 

these cells without the addition of growth factors. The drastic increase of all three VSM 

markers (Figure 3.3), increased contractility of the cells (Figure 3.5), and previously 

published data showing reduced proliferation of hCSCs on KOS hydrogels (24). These results 

offer convincing evidence of a cell phenotype consistent with contractile VSM that has been 

reported via TGF-Ⱦ1 differentiation induction (130, 191-193). Yet this differentiation pattern 

was achieved without supplementing rhTGF-Ⱦ1 and was free of any exogenous TGF-Ⱦ1 from 

FBS since the medium used SR in place of FBS (Figure 3.6B). Additionally, we found that c-

kit+ hCSCs were responsive to rhTGF-Ⱦ1 (Figure 3.2 and 3.5). These results also demonstrate 
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that TGF-Ⱦ1 can induce a similar differentiation pattern seen on KOS hydrogels, making this 

a plausible signaling pathway candidate warranting further investigation of TGF-Ⱦ signaling 

in KOS hydrogel differentiation. Since many other studies have already explored the 

mechanisms of intercellular signaling as it relates to VSM differentiation (100, 117, 194-

198), we chose to take a closer look at the interaction between the hCSCs and the KOS 

hydrogel. 

Since we confirmed that TGF-Ⱦ1 was not present in the cell culture medium to induce 

VSM differentiation of hCSCs, we hypothesized that TGF-Ⱦ1 was produced by the cells. To test 

this assumption, levels of TGF-Ⱦ1 and its associated proteins were monitored throughout 

differentiation. Free TGF-Ⱦ1 was measured from cell culture supernatant using an ELISA kit, 

and associated peptides LAP and LTBP-1were measured using western blots of cell lysate. 

Results of the TGF-Ⱦ1 ELISA demonstrated that hCSCs cultured on TCPS and KOS hydrogels 

produced TGF-Ⱦ1 with higher levels for TCPS measured prior to and during initial stages of 

differentiation (Figure 3.6A). Cells cultured on KOS hydrogels saw a different trend with the 

highest levels of TGF-Ⱦ1 measured at day 22 to day 28 after differentiation induction (Figure 

3.6A). To confirm these results, we ran additional experiments examining the levels of 

proteins from the SLC (LAP) and LLC (LTBP-1) using western blot. Outcomes from both 

western blot and TGF-Ⱦ1 ELISA of TCPS cultured cells demonstrated consistent results. These 

findings showed higher levels of TGF-Ⱦ1, LAP and LTBP-1 at the earliest time-point measured 

and decreasing levels thereafter. Interestingly, the western blot and TGF-Ⱦ1 ELISA results 

from KOS hydrogel cultured cells were not in agreement (see Figure 3.6A and 3.7B). ELISA 

measurements revealed higher levels of TGF-Ⱦ1 at later time-points, while western blot 

measurements showed levels of LAP and LTBP-1 were higher at the earliest time-point. Since 

TGF-Ⱦ1, LAP and LTBP-1 are all excreted from the cell in complex we would expect that ELISA 

and western blot measurements would be consistent. These seemingly contradictory results 

lead us to take a closer look at the ELISA. 

Therefore, to examine this contradiction, we performed an additional TGF-Ⱦ1 ELISA 

measuring levels of rhTGF-Ⱦ1 that had been supplemented to cell culture medium and then 

placed on either a TCPS dish or on KOS hydrogel both without cells. Results showed an initial 

decrease for both groups at the 12-hour time point, but the level of rhTGF-Ⱦ1 increased on 

TCPS at 24 and 48-hour time points, but not for KOS hydrogels (Figure 3.6B). Additionally, 
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the levels of TGF-Ⱦ1 were significantly lower at all three time-points after being plated on 

KOS compared to TCPS (Figure 3.6B). Taken together with the results of cells cultured on 

TCPS and KOS hydrogels, our findings indicate differential interactions with KOS and TGF-Ⱦ. 

Perhaps this is due to differential proteolysis of the SLC via deglycosolation of LAP and/or 

traction activation of the LLC to produce free active TGF-Ⱦ (199, 200). In either case, results 

of ELISA and western blot provide sufficient evidence that either TGF-Ⱦ1 or LTBP-1 and KOS 

have some level of binding affinity similar to the interactions between LTBP-1 and fibrillins 

or free TGF-Ⱦ and type IV collagen (200). Additionally, increased levels of LTBP-1 on for 

hCSCs cultured on KOS hydrogels may explain the increased VSM differentiation pattern 

seen on this material.  

Because there is a chance that the differentiation pattern observed on KOS hydrogels 

is due to interactions between the proteinaceous biomaterial and TGF-Ⱦ1 or its associated 

peptides, we decided that another biomaterial control was necessary to see if this effect was 

unique to KOS hydrogel. To do so we used a collagen based biomaterial and a genipin 

crosslinked collagen biomaterial. We selected a protein based biomaterial because of its 

similarity to KOS, and there is a possibility that this could play a key role in VSM 

differentiation by concentrating TGF- Ⱦ1 at the cell surface as seen in collagen type IV found 

in the ECM of vascular tissue (201-203). We also wanted to eliminate the possibility that 

residual un-crosslinked genipin could be covalently binding growth factors and proteins 

excreted during initial stages of cell culture creating locally high concentrations of growth 

factors like TGF-Ⱦ1 (204-207). Our results from the biomaterial controls (Figure 3.4) indicate 

that this is not the case suggesting that the VSM differentiation pattern seen on KOS 

hydrogels is a unique process specific to our KOS hydrogels. 

While results confirmed that TCPS and KOS hydrogel cultured cells do produce TGF-

Ⱦ1 and its associated proteins LAP and LTBP-1, it does not necessarily confirm that TGF-Ⱦ1 is 

responsible for the differentiation pattern seen on KOS hydrogels. Using a TGFBR1inhibitory 

small molecule A83-01, we measured VSM protein expression with IF. Results from A83-01 

inhibition (see Figure 3.8) confirmed a significant decrease in Ƚ-SMA for both the positive 

control rhTGF-Ⱦ1 induced hCSCs on TCPS (~65% vs ~23% p<0.001) and, hCSCs 

differentiated on KOS hydrogels (~72% vs ~27% p<0.001). Small molecule inhibition 

offered compelling evidence that TGF-Ⱦ1 plays a role in VSM differentiation observed on KOS 
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hydrogels, but A83-01 has been reported to inhibit other signaling pathways (184). Using a 

TGF-Ⱦ �AB is a more conclusive test to implicate the role of TGF-Ⱦ1 in KOS hydrogel VSM 

differentiation. Additionally, this experiment examined IF of three VSM markers (Figure 3.9). 

Results showed robust inhibition of all three markers: Ƚ-SMA (9.29x105 vs 1.08x105 

p<0.001), calponin (6.47x105 vs 9.09x104 p<0.001), and SMMHC (4.19x105 vs 5.74x104 

p<0.001). This offers conclusive evidence that TGF-Ⱦ1 plays an integral role in the VSM 

differentiation seen on KOS hydrogels. 

 

3.6 Conclusions 
In this study we provide evidence that KOS hydrogels promote VSM differentiation of 

c-kit+ hCSC through TGF-Ⱦ1 signaling. Expression of VMSC contractile proteins and cell 

contractility were enhanced by KOS hydrogel differentiation. Small molecule inhibition and 

antibody neutralization of TGF-Ⱦ1 signaling lead to significant decreases in expression of 

contractile proteins for KOS hydrogel differentiated c-kit+ hCSCs. Additionally, we found 

evidence that TGF-Ⱦ1 and its associated proteins interact with KOS hydrogels. Findings in 

our study provide evidence for potential mechanisms that may direct VSMC differentiation 

of c-kit+ hCSC through interaction between KOS, TGF-Ⱦ1, and proteins of the LLC. Results of 

this study have implications for potential signaling and differentiation patterns and 

therapeutic mechanisms of c-kit+ hCSCs in clinical trials. 
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CHAPTER 4: KERATOSE HYDROGEL-DERIVED VASCULAR SMOOTH 

MUSCLE CELLS PROMOTE ANGIOGENESIS IN MURINE HIND LIMB 

ISCHEMIA 
 

4.1 Abstract 
Peripheral artery disease (PAD) is a commonly studied disorder with many disease 

models including CLI. Additionally, many cell based therapies have been investigated to treat 

this disorder clinically and pre-clinically, but very little of this research has focused on the 

use of VSMCs as a therapy. The main goal of this study is to determine the therapeutic 

potential of KOS hydrogel-derived VSMCs (Cells from KOS). We induced hind limb ischemia 

in 3 groups (n=15/group) of adult mixed gender �SG mice by excising the femoral artery 

(FA) and femoral vein (FV), and then treated the mice with PBS (PBS-treated), Cells 

differentiated on TCPS (Cells from TCPS), or Cells from KOS. Blood perfusion of the hind 

limbs was measured immediately before and after surgery, then 14, and 28 days after 

surgery using Laser Doppler analysis. Tissue vascularization, cell engraftment, and skeletal 

muscle regeneration were measured using immunohistochemistry, DiL vessel painting, and 

H&E pathohistological staining. During the 4-week period, both cell treatment groups 

showed significant increases in blood perfusion compared to the PBS-treated control, and at 

day 28 the Cells from KOS group had significantly better blood flow than the Cells from TCPS 

group. Additionally, the Cells from KOS group demonstrated a significant increase in the ratio 

of DiL positive vessels, capillary density, and a greater number of small diameter arterioles 

density compared to the PBS-treated group. Further, both cell-treated groups had similar 

levels of engraftment into the host tissue. We conclude that Cells from KOS therapy increases 

blood perfusion in an �SG model of CLI, but does not lead to increased cell engraftment 

compared to other cell based therapies.  
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4.2 Introduction 
PAD is a common vascular disorder caused by atherosclerosis or thrombosis, which 

either narrows or completely blocks blood perfusion to organs or the extremity of limbs (e.g. 

legs). The risk of PAD increases with age and approximately 4-8 million people are affected 

in the United States, and 50,000-80,000 experience CLI which has an associated mortality 

rate of 20-25% (208). Over a five year period approximately 5% of individuals suffering from 

PAD had to have part of the affected limb amputated (2, 209). Current therapies for CLI 

include antithrombotic medication and angioplasty with or without stenting (2). 

Additionally, there are several completed clinical trials using BMMĀCs, angiogenic cell 

precursors, mesenchymal stem cells, and various other cell based therapies to treat CLI (210-

217). 

Various studies in animal models of hind limb ischemia have also extensively studied 

cell based therapies for CLI. In mice models of hind limb ischemia, mesenchymal stem cells 

(218, 219), cord blood cells (220), ESCs (221), peripheral blood stem cells (222), dental pulp 

stem cells (223), EPCs (224), iPSCs (225), and many other cell types have been investigated. 

Interestingly, to our knowledge only one other animal study has examined the use of VSMC 

to recover blood flow in mice after induced CLI (226). A more in-depth understanding of the 

potential role that VSMCs play in the recovery of an acute hind limb ischemia model is a key 

step in developing more robust tissue engineering approaches for revascularization of 

ischemic tissues. 

In the present study, we utilize resection of the femoral-saphenous artery and vein to 

induce unilateral CLI in �SG mice to compare the efficacy of c-kit+ human cardiac stem cell 

(hCSC)-derived VSMCs via KOS hydrogel differentiation versus the same cells differentiated 

on TCPS and a saline injection at regenerating vascularity and blood perfusion to the 

ischemic limb. Functional outcomes were measured using Laser Doppler Imaging and 

pathophysiological analysis. By studying the �SG mouse model, we expect that our results 

will have implications for the use of VSMCs as a therapeutic for ischemic disorders such as 

PAD and CAD. 
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4.3 Materials and Methods 
4.3.1 Hind limb Ischemia 

All animal protocols were approved by the Virginia Tech IAUCUC committee. Forty-

five adult �SG mice between 8-12 weeks of age were used for the study.  There were 15 mice 

per group (PBS-treated vs. Cells from TCPS vs. Cells from KOS). The mice were kept in bio 

secured and environmentally controlled rooms at the Virginia Maryland College of 

Veterinary Medicine. Same-gender mice were labeled with ear tattoos for identification 

purposes and were also housed in the same cage (Chen et al., 2016). Mice had access to food 

and water ad libitum. Cages, bedding, water and aspen wood shavings were changed weekly. 

Ambient temperature and humidity were kept at 22-23 ǑC and 50-70%, respectively. 

Illumination was kept at a 12 hr/day night cycle with lights on at 7 am. 

To induce ischemia mice were anesthetized with 3-4% isoflurane using an ez-7000 

anesthesia system (Euthanex, Palmer, PA) and maintained at 1-2% for the duration of the 

procedure. The mouse body temperature was maintained at 37°C using a water-heated pad 

and monitored with a TC-1000 temperature controller (Euthanex). The FA and FV were 

dissected from the femoral nerve to avoid injury to the nerve. After dissection of the FA and 

vein from the nerve, unilateral ischemia was induced by excision of the FA inferior to the 

pudendoepiggastric trunk and superior to the popliteal bifurcation on the left limb using an 

electrocoagulator (HIT0) with a micro sharp tip (Fine Science Tools, Foster City, CA). 2 mm 

of FA between both ends were removed for complete excision.  After the surgery, skin 

incisions were closed with a 5-0 silk suture and mice were returned to the animal facility 

following recovery from anesthesia. The right limb served as an internal control for 

comparison when obtaining blood flow ratios of the ischemic limb, because it did not 

undergo surgical procedures. 

 

4.3.2 Cell Culture and Delivery to the Ischemic Limb 

Treatments were administered to each group (PBS-treated, Cells from TCPS, and Cells 

from KOS) following surgery and Laser Doppler scans. C-kit+ hCSCs were isolated, cultured, 

and differentiated as previously described (24). Briefly, c-kit+ hCSCs were isolated from the 

right atrial appendage in patients with ischemic cardiomyopathy, and then frozen and 
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banked for later usage. Cells were seeded onto KOS hydrogels or TCPS, and cultured in hCSC 

medium consisting of Ham’s F12 (Thermofischer), 10% FBS (JR Scientific), 10ng/ml FGF 

(Peprotech), 0.005 U/ml EPO (Sigma), and 0.2mM L-glutathione (sigma). Differentiation was 

induced by removal of growth factors and supplementing with 10 μM 5-Aza for 3 days, 

followed by a 28-day period of culture without 5-Aza or growth factors.  

Later, differentiated cells were harvested from TCPS and KOS hydrogels and 

suspended in PBS at a concentration of 4.0x107 cells/mL. Cells were injected into 3 locations 

in the midpoint gastrocnemius muscle measured with a ruler. Injection sites were marked 

with tattoo ink (to aid in locating cells after euthanizing the mice) and were injected to a 

depth of ~2mm using a 28 ½ gauge insulin syringe. Each injection administered 10 μL of cell 

suspension containing 4x105 cells for a total of 1.2x106 cells per each of the cell-treated mice. 

The PBS-treated negative control mice were administered in the same manner as the two 

cell groups. 

 

 4.3.3 Laser Doppler Imaging 

Blood flow images for both paws were measured before and after surgery on days 0, 

14 and 28 using a non-invasive MoorLD12-HIR Laser Doppler imager (Moor Instruments, 

Wilmington, DE). Blood flow was calculated as a function of image intensity and normalized 

to the control limb for each mouse using Laser Doppler Imager Software (v 5.3, Moore 

Instrument) or �IH ImageJ v2. All animals were kept at 37ͼC on a water-heated pad for 15 

minutes before and during the scanning procedure to minimize the potential impact of body 

temperature on blood flow. After conducting the imaging 3 times per mouse, the 

measurements were averaged. A string aligned with the fourth metatarsal pads of each paw 

was used as a reference line to select the region of interest for post-analysis (ROI). The same 

region, size, and mean pixel intensities of all three experimental groups were obtained using 

the imaging software. Imaging colors ranging from blue to red were used to represent 

increased blood flow and were defined by “heat map.” Averages of pixel intensity accounted 

for the size variation between mice. The ischemic paw measurements were divided by those 

on the control paw for natural ratios. 
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4.3.4 Vascular Density Measurements 

4.3.4.1 Capillary Density Analysis 

Both gastrocnemius muscles (ischemic and non-ischemic) for each experimental 

group were harvested, fixed overnight in 4% PFA, and embedded in optimum cutting 

temperature (OCT) freezing medium.  Serial tissue sections were cut at 5 μm thick and one 

out of 18-24 consecutive sections were selected for IHC staining using anti-mouse CD31 

antibody (R&D systems, Minneapolis, MĀ). Sections were blocked with 3% BSA in PBST (PBS 

plus 0.1% tween-20) and stained with primary antibody at 1:200 dilutions overnight at 4 . 

Afterwards, sections were washed with PBS and incubated with Alexa Fluor 488-conjugated 

2° antibody of chicken anti-goat (Thermofischer sci.) at 1:1000 dilutions and Hoechst 33342 

(Thermofischer sci) at 1:5000 dilution for 1h at RT. Slides were mounted with a glass 

coverslip using Vectashield anti-fade medium and sealed with nail polish for post-analysis. 

The CD31 tissue samples were analyzed in ImageJ, and we selected for < 10 Ɋm for CD31. 

 

4.3.4.2 Arteriole and Venule Density Analysis 

Gastrocnemius muscles from each group were in the same manner as previously 

described for cryosectioning. One out of 18-24 consecutive sections were selected for IHC 

staining using a goat anti-mouse Ƚ-smooth muscle antibody (R&D systems, Minneapolis, 

MĀ). Sections were blocked with 1.5% BSA in TBST (TBS plus 0.1% tween-20) and stained 

with Ƚ-SMA primary antibody at 1:300 dilutions (Āovus, catalog #: �BP2-32808-0.2MG) 

overnight at 4 . Sections were then washed with PBS and incubated with Alexa Fluor 488-

conjugated 2° antibody of goat anti-mouse (Thermofischer sci.) at 1:1000 dilutions and 

Hoechst 33342 (Thermofischer sci) at 1:5000 dilution for 1h at RT. Slides were mounted 

with a glass coverslip using Vectashield anti-fade medium and sealed with nail polish for 

post-analysis. Tissue samples stained with Ƚ-SMA antibody were analyzed in ImageJ. Tissues 

with diameters of 10-25 Ɋm, 25-50 Ɋm, >50 Ɋm were selected for Ƚ- smooth muscle. 

 

 4.3.5 Gastrocnemius Vessel Painting 

On day 28, mice were euthanized by CO2 inhalation followed by cervical dislocation. 

The mouse’s chest was opened and its heart was perfused with an anti-clotting, vessel 

dilating buffer that contains 3% sodium citrate and 1mM sodium nitroprusside (Sigma 
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Aldrich, St. Louis, MS), 12 μM DiL (Santa Cruz, Dallas, TX) in 5% glucose dissolved in PBS (pH 

7.4), and 4% PFA in PBS at RT. The muscle was then cut into 5 μm thick tissue sections. 

Images were taken using an Olympus ckx4 fluorescent microscope and the density of DiL 

perfused tissue was measured as a ratio of the control limb. Image analysis was performed 

using ImageJ software. 

 

4.3.6 Skeletal Muscle H&E Staining 

The gastrocnemius skeletal muscles from both limbs were harvested on day 28 after 

tissue perfusion. All tissue samples were fixed for 48 hrs in 4% PFA in PBS at RT before it 

was processed in an automatic Shandon Citadel 2000 tissue processor. Tissue processing 

was followed by paraffin wax embedding using a Leica eg1160 tissue embedding station 

(Buffalo Grove, IL). The gastrocnemius muscle was cut into 5 μm tissue sections in the middle 

of the gastrocnemius muscle proximal to the injection location using a Leica RM 2125 

microtome (Buffalo Grove, IL). Sections were stained using an H&E kit (Scytek Laboratories, 

West Logan, UT). Stained sections were imaged using an Olympus Vanox-t light microscope 

equipped with an Olympus dp70 camera and CellSense software (Olympus). Images were 

analyzed to collect the number of central nuclei and adipose cells per image using ImageJ. 

The cells were counted for each area of measurement and plotted for comparison. 

 

 4.3.7 Xenograft Analysis 

As a baseline, 1.2 million cells were injected into three sites within the gastrocnemius 

muscle of the �SG mouse. The mouse was then euthanized and the muscle was harvested 1 

hr later. The three injection locations were marked using green tattoo ink to aid in localizing 

tissue to examine for cell density. Tissues were fixed for 48 hrs in 4% PFA, and then 

embedded in OCT, and tissue sections were cut at a 5 Ɋm thickness. One hundred twenty 

serial sections were cut and 1 out of every 18 sections was used to measure total number of 

cells by co-localization of nuclei with human mitochondrial stain using ImageJ software. 

Sections were blocked in 3% PBTA for 2 hrs and then stained overnight with a 1:800 dilution 

with 1° mouse anti-mitochondria monoclonal antibody (Abcam catalog number: ab9284). 

The following day, tissue sections were stained 1:1000 dilution with a goat anti-mouse 2° 
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antibody (Jackson ImmunoResearch West Grove, PA) for 1 hr at RT.  This data was used as a 

Day 0 baseline to compare with Day 28 values and calculate the percentage of surviving cells.

4.3.8 Statistical Analysis 

Data are expressed as a mean +/- standard error of the mean (SEM) unless otherwise 

stated. T-test or two-way AĀOVA followed by Bonferroni post-test to compare two or three 

 
Figure 4.1 VSMCs from KOS hydrogels significantly increase blood perfusion in CLI mice 

Representative laser Doppler images before (Pre) and serially (Post, D14, and D28) after 
ligation of femoral artery and vein (A). Mean data of CLI blood perfusion; ratio of ischemic vs. non-
ischemic (B). � = 14-15, *p<0.05 and *** p<0.001. 
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groups, respectively. A p value <0.05 was considered statistically significant. Graphpad 

Prism 5.0 and MS excel were used for statistical analysis and plotting. 

 

4.4 Results 
4.4.1 Laser Doppler Analysis: Demonstrates Increased Blood Perfusion for Cells from 

KOS-Treated Mice 

Using the Laser Doppler, we examined how each treatment group (PBS-treated, Cells 

from TCPS, and Cells from KOS) affected the rejuvenation of blood flow on the ischemic limb 

(see Figure 4.1). During pre-surgery, the mean blood flow ratio was comparable across all 

treatment groups (1.00±0.018 for PBS-treated, 1.018±0.01.7 for Cells from TCPS and 

1.007±0.01 for Cells from KOS). After ligation, the Laser Doppler analysis on the ischemic 

limb was reduced to ~0.09 ± 0.02 across treatment groups. Blood flow gradually improved 

in the ischemic limb post-surgery. By day 14, there was a statistically significant increase in 

average blood flow between the cell-treated groups (0.29±0.03 in Cells from TCPS n=14 and 

0.304±0.038 in Cells from KOS n=13) versus PBS-treated (0.205±0.021 n=13 pĀ0.05). 

Additionally, on Day 28, the mean blood flow ratio for Cells from KOS was significantly higher 

than PBS-treated and Cells from TCPS (25.2 ± 1.8%, 34.8 ± 2.8% and 47.4 ± 4.9% on Day 28 

for PBS-treated, Cells from TCPS and Cells from KOS, respectively). These results 

demonstrate that the Cells from KOS treatment induced the most blood flow in the ischemic 

limb. 

 

4.4.2 Vessel Density 

4.4.2.1 IHC A -SMA and CD31 Show Increases of Capillary Density in Mice 

treated with Cells from KOS Hydrogel 

Increased blood flow from Laser Doppler analysis indicates greater vascularization 

of the lower limb of mice for the two cell-treated groups. We measured capillary and 

arteriole density using CD31 (see figure 4.2) and Ƚ-SMA (see figure 4.3) IHC stains on frozen 

tissue sections from the ischemic and non-ischemic gastrocnemius muscle of each treatment 

group (PBS-treated vs Cells from TCPS vs Cells from KOS). There was a significantly higher 

density of capillaries with a luminal diameter of less than 10 μm for mice treated with cells 
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differentiated on KOS compared to PBS-treated (1132.1±93.9/mm2 n=4 Cells from KOS vs 

738.3±113.8/mm2 n=5 PBS-treated p<0.01). Capillary density was higher for the Cells from 

 
Figure 4.2 Cells from KOS hydrogels significant increase capillary density in treated mice : 
CD31 IHC  

Representative photomicrograph of CD31 (Green) positive vascular tissue and Hoechst 
(Blue) nuclear stain were taken at Day 28 after euthanizing the mice (A). Mean data of the density 
(per mm2) of CD31 positive vascular tissues smaller than 10μm in diameter from Control and 
Ischemic limb (B). Scale Bar=50μm, n=4 or 5, ns=not significant *p<0.01. 
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TCPS (970.8±102.2 capillaries/mm2 n=5 Cells from TCPS vs 738.3±113.8/mm2 n=5 PBS-

treated p=0.091), but it was not statistically significant.  

 
Figure 4.3 Cells from KOS hydrogels   significantly increase density of small diameter 
vascular tissue in treated NSG Mice -SMA IHC 

(A) Representative photomicrograph of Ƚ-Smooth Muscle Actin (Green) positive vascular 
tissue and Hoechst (Blue) nuclear stain were taken at Day 28 after euthanizing the mice. (B+C) 
Mean data of the size and density (per mm2) of Ƚ-Smooth Muscle Positive Vascular tissue from 
Control and ischemic limb. Scale Bar=100μm, n=3 or 4, ns=not significant **p<0.01. 
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Arteriole density was measured from frozen sections stained with Ƚ-SMA and split 

into three size categories for luminal diameter: 10-25 μm, 20-50 μm, and >50 μm (see figure 

4.3). For the non-ischemic limb there was no significant difference between any of the 

groups. For the ischemic limb there was a significant difference in density for the 10-25 μm 

diameter arterioles for both Cells from KOS-treated (Cells from KOS 32.97±6.34/mm2 n=4 

vs PBS-treated 15.01±0.94/mm2 n=4 p<0.01), and Cells from TCPS-treated (Cells from TCPS 

33.49±5.85 n=5 vs PBS-treated 15.01±0.94/mm2 n=4 p<0.01) compared to PBS-treated. 

There was no significant difference for the 25-50 μm sized vessels nor the >50μm sized 

vessels.  

 

4.4.2.2 DiL Analysis of Vessel Density Reveals  Treatment with Cells from KOS 

Increases Gastrocnemius Perfusion 

DiL is a lipophilic carbocyanine dye that, when incorporated into the phospholipid 

bilayer of endothelial cells, produces a vibrant fluorescent orange-red color. Cardiac 

perfusion with aqueous DiL solution is a simple and efficient method to visualize vascular 

tissue (227). Using this method, we were able to measure the level of tissue perfusion in each 

mouse post ligation. Results were measured as a ratio of perfused vessels of the ischemic 

limb to the non-ischemic limb (see figure 4.4). The data demonstrated that the Cells from 

KOS treatment group had the greatest ratio of perfused vascular tissue in the ischemic limb 

(0.793±0.196 n=4) versus PBS-treated (0.518±0.077 n=4) and Cells from TCPS (0.606±0.095 

n=4). Statistical analysis revealed a significant difference between the PBS-treated and Cells 

from KOS (p<0.05). The TCPS treatment group however, did not reach significance when 

compared to the PBS-treated group. Additionally, although the ratio was higher for the Cells 

from KOS group (0.793) compared to the Cells from TCPS group (0.606), the difference was 

not statistically significant.  

 

4.4.3 H&E Analysis Reveals Skeletal Muscle Preservation for both Cell-Treated 
Groups 

The presence of the central nucleus and development of adipose tissues within the 

gastrocnemius muscle are one of the few quantifiable markers for skeletal muscle 

differentiation. The tissue samples were stained with H&E in order to examine the ratio of 
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central nuclei and adipose tissue per treatment group (see figure 4.5). Our results show that 

the central nuclei and adipose cell ratios in the ischemic limb were higher than those in the 

 
Figure 4.4 Dil-stained vessel densities is significantly higher in Cells from KOS compared 
to control (PBS-treated) 

Panel A shows the representative photomicrograph of DiL positive (Red) vascular tissue 
Day 28 after euthanizing the mice. (B) Mean data of ratio of ischemic limb vs control limb. Scale 
Bar=100μm, n=4 or 5, ns=not significant *p<0.05. 
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control limb. The central nuclei mean ratios for the ischemic limb were as follows: 

0.544±0.009 n=4 (PBS-treated), 0.311±0.028 n=5 (Cells from TCPS), and 0.322±0.054 n=5 

 
 
Figure 4.5 Cells from KOS hydrogel and Cells from TCPS preserve skeletal muscle 
microstructure: H&E analysis  

Representative photomicrograph of H&E stained gastrocnemius muscle Day 28 after 
euthanizing the mice (A). Mean data of ratio of ischemic limb vs control limb (B). Yellow arrow 
heads= central nuclei, red arrow heads=adipocytes Scale Bar=50μm, n>5, ns=not significant 
*p<0.05 **p<0.01 
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(Cells from KOS), versus 0.025± 0.009 n=5 (PBS-treated), 0.006±0.003 n=5 (Cells from TCPS) 

and 0.016±0.007 n=5 (Cells from KOS) for the control limb. Additionally, the adipose cell 

 

Figure 4.6 No significant increase of tissue incorporation with Cells from KOS  
Representative photomicrograph of Ƚ-Smooth Muscle Actin (Red) and Human 

Mitochondria (Green) at Day 28 after euthanizing the mice (A). Mean data of percentage of cells 
present at Day 28 vs cells present at Day 0 (B). Scale Bar=50μm, n=3 to 4, ns=not significant. 

 



90 
  

ratios were: 15.5±5.4% (PBS-treated), 11.3±4.8% (Cells from TCPS), and 10.9±1.5% (Cells 

from KOS) versus the adipose cell ratios in the non-ischemic limb, which were 1.5±0.7% 

(PBS-treated), 0.9±0.3% (Cells from TCPS) and 0.6±0.3% (Cells from KOS). Both cell-treated 

groups had statistically significant lower numbers of skeletal muscle cells with central nuclei 

(pĀ0.001). Additionally, both cell-treated groups had lower numbers of adipose tissue within 

the ischemic limb compared to the PBS-treated group (Cells from TCPS pĀ0.01) and (Cells 

from KOS pĀ0.05). 

 

4.4.4 Xenograft Cell Incorporation had no Significant Increase for Cells from KOS 

Compared to Cells from TCPS  

Another reason that the Cells from KOS-treated group could have better blood flow 

could be better cell engraftment compared to the Cells from TCPS group. Mice were injected 

with cells differentiated on KOS and TCPS. We stained frozen tissue sections with a human 

specific mitochondrial stain to calculate the percentages of cells that incorporated into the 

tissue of the gastrocnemius muscle (see figure 4.6). We found that approximately the same 

number of cells incorporated into the host tissue for both TCPS (0.072±0.017%) and KOS 

(0.085±0.012%) differentiated cells (n=4, p=0.5659). The same tissue sections were also 

stained for Ƚ-SMA and we found that the KOS cells were positive for Ƚ-SMA, but the Cells 

from TCPS were not.  

 

4.5 Discussion 
In the present study, we investigated the ability of KOS hydrogel-derived VSMCs to 

recover blood perfusion of �SG mice in an ischemic hind limb model. Our results provide 

evidence that c-kit+ hCSC-derived VSMCs on KOS hydrogel promote vascular regeneration in 

a murine hind limb ischemia model. Laser Doppler analysis showed that these mice had 

better recovery of blood perfusion than both the PBS-treated and TCPS-differentiated hCSC-

treated mice. Additionally, mice treated with Cells from KOS significantly increased capillary 

density compared to PBS-treated, but the Cells from TCPS group did not. Analysis of cell 

incorporation of both KOS and Cells from TCPS revealed that there was a low level of 

engraftment for both cell types, but only cells differentiated on KOS were positive for Ƚ-SMA. 
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The use of VSMCs is rare, therefore this is only the second study to examine the regenerative 

capabilities of VSMCs in an ischemic hind limb model (226). While there is extensive inquiry 

for the use of ECs in many regenerative medicine applications, very little research has 

examined the use of VSMCs as a cell based therapy.  Ischemic hind limb animal model have 

been used to examine ECs from various sources (222, 228-232), administration of growth 

factors with cells (233), genetically modified ECs (233, 234), and various other methods to 

improve EC-based therapy (235, 236). Interestingly, very little research has examined the 

regenerative capabilities of VSMCs, and when they are used it is often in conjunction with 

ECs (237, 238), or smooth MPCs (238). Since we had previously found that c-kit+ hCSCs 

differentiated on KOS hydrogels could easily produce significant quantities of VSMCs (24), 

we were interested in testing the therapeutic capacity of these cells.  

Our Laser Doppler results showed that mice treated with Cells from KOS had better 

foot perfusion than both PBS-treated and Cells from TCPS groups (Figure 4.1). This was 

consistent with the finding of Foubert et al. which also showed that smooth MPCs increased 

blood perfusion compared to PBS-treated mice (226). This result also demonstrates that the 

effect on perfusion was greater than the TCPS cell control, indicating that the effect was not 

simply a paracrine effect that would result from injecting any cell type, but instead likely a 

result of unique exosomal profile of the KOS derived VSMCs. Further, CD31 IHC staining 

within the gastrocnemius muscle of mice treated with KOS derived VSMCs had a significantly 

higher capillary density compared to PBS-treated (Figure 4.2 p<0.05 n=5), but mice treated 

with cells differentiated on TCPS did not reach significance compared to the PBS-treated 

group. Small diameter arterioles stained for Ƚ-SMA also had a significant increase in density 

for both cell-treated groups compared to PBS-treated (Figure 4.3 p<0.01 n=4). Our results 

are consistent with many other studies that show cell based therapy does increase 

angiogenesis in CLI models (239-242), but unlike Foubert et al., we found the VSMCs did 

increase capillary density (226). This could be a result of different experimental conditions, 

most likely time point examined or mouse strain (�SG vs athymic nude mice). Additionally, 

we demonstrated that there was an added benefit of using KOS derived VSMCs compared to 

the TCPS cell control, which seems to indicate that VSMCs provide paracrine effect unique to 

this cell type. This is a new finding which merits further investigation of the role that VSMCs 

play in angiogenesis and arteriogenesis.  
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While we did demonstrate that the blood flow was increased using Laser Doppler 

measurements, and that greater angiogenesis occurred based on cell type used, we still 

needed to measure gastrocnemius blood flow since Laser Doppler only penetrates the outer 

layer of skin (243, 244). To directly measure the amount of vascular tissue receiving blood 

we perfused mice with the vessel painting lipophilic dye DiL. Vessel painting results 

demonstrated that mice treated with KOS derived VSMCs significantly increased vascular 

density compared to the PBS-treated control (Figure 4.4), and again the TCPS cell control 

failed to significantly increase the number of vessels stained with DiL dye. This result agreed 

with our earlier findings that mice treated with KOS derived VSMCs had superior perfusion 

and angiogenesis compared to PBS-treated and cell controls (Figures 4.1, 4.2, and 4.3). Again, 

this agreed with previous literature examining cell based therapies used in hind limb models 

of CLI, which demonstrate ability to increase vascular density measured by various methods 

of angiography (245, 246). While these results provide evidence of vascular regeneration 

future studies need to examine map arterioles and the origins of capillaries within the 

gastrocnemius and superficial adductor muscle using more quantitative methods precisely 

measure formations of capillary networks such as x-ray micro computed tomography (247-

249).  

Histological analysis of ischemic tissue using H&E staining revealed better 

preservation of tissue in both cell-treated groups compared to the PBS-treated control 

(Figure 4.5). H&E staining revealed that mice treated with Cells from KOS or Cells from TCPS 

had significantly fewer central nuclei (Cells from TCPS vs PBS-treated p<0.01 and Cells from 

KOS vs PBS-treated p<0.001) and less adipocytes (p<0.01 Cells from TCPS vs PBS-treated, 

p<0.05 Cells from KOS vs PBS-treated) compared to the PBS-treated control. The lower 

number of actively regenerating muscle fibers and decreased adipocyte infiltration both 

indicate that Cells from KOS and Cells from TCPS improved outcomes compared to the PBS-

treated control. 

To determine if effects on blood flow and angiogenesis were related to greater 

engraftment for KOS derived VSMCs, we performed a xenograft analysis of tissue proximal 

to the cell’s injection site in the gastrocnemius muscle. We stained for an antihuman 

mitochondrial monoclonal antibody as a general marker for any human cells present in the 

gastrocnemius muscle and calculated the number of cells present at day 28 versus 1 hr after 
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injection (Figure 4.7.). Our results demonstrated that there was no significant difference in 

engraftment for KOS derived VSMCs compared to the TCPS control (Figure 4.6). The level of 

engraftment was low for both cell types (0.085% for KOS vs 0.072% for TCPS). These cell 

engraftment numbers were consistent with other published research (220, 226). While there 

was no difference in the level of engraftment, we did find that KOS derived VSMCs stably 

expressed Ƚ-SMA, and TCPS derived cells did not. This result indicates that the KOS derived 

VSMCs stably expressed smooth muscle marker, Ƚ-SMA. Additionally, the results from Laser 

Doppler, IHC, and vessel painting demonstrate a more robust effect on blood flow for KOS 

derived VSMCs compared to the TCPS Cell control. The improvements of limb blood flow 

following cell transplantation are probably due to paracrine effects, but the greater effect 

observed in VSMCs from KOS hydrogel may indicate additional mechanisms related with 

KOS hydrogel. Due to the increased capillary density observed in mice treated with KOS 

derived VSMCs future work should take a closer look at proangiogenic growth factors such 

as bFGF and VEGF (250-252) and determine how these growth factors play a role in tissue 

preservation. 

 

4.6 Conclusions 
In this study we provide evidence that KOS hydrogel-derived VSMCs increased blood 

perfusion in a unilateral murine CLI model via paracrine mediated angiogenesis. Increased 

limb perfusion was confirmed by Laser Doppler analysis and DiL tissue perfusion, both 

demonstrating higher blood flow than the PBS-treated and TCPS-differentiated control. 

Angiogenesis was confirmed using IHC staining of CD31 and Ƚ-SMA in the gastrocnemius 

muscle, both stains indicating significantly higher densities of small diameter vascular tissue 

for the KOS-VSMC-treated mice compared to the PBS-treated control. Additionally, analysis 

of cell incorporation of both Cells from KOS and Cells from TCPS revealed a low level of 

engraftment for both cell types, indicating that the increased angiogenesis seen with Cells 

from KOS was a result of an unknown paracrine effect of these cells. Of further note Cell from 

KOS that did incorporate into host tissue stably expressed Ƚ-SMA while Cells from TCPS did 

not. H&E histological staining revealed better preservation of the skeletal muscle on the 

ischemic limb, which displayed less adipogenesis, and fewer skeletal muscle cells with 
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central nuclei. Both results indicate better preservation of skeletal muscle in Cells from KOS-

treated mice than the PBS-treated control. 
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CHAPTER 5: OVERALL CONCLUSIONS AND FUTURE WORK 
 

5.1 Overall Conclusions 
The overall goal of this work was to investigate the impact of KOS hydrogel on c-kit+ 

hCSCs in vitro, determine the signaling pathway(s) behind the observed differentiation 

pattern, and measure the therapeutic capability of differentiated hCSCs to repair ischemia in 

vivo. Two studies were conducted in vitro to determine how culturing c-kit+ hCSCs on KOS 

hydrogels effects several parameters of these stem cells. The first in vitro study was designed 

to investigate the effects of KOS hydrogel on cell viability, stemness, proliferation, cellular 

morphology, and cardiac lineage differentiation of c-kit+ hCSCs. KOS hydrogels can culture 

and maintain hCSCs well without any observable toxic effects or reduction of stemness 

caused by the KOS hydrogel; however, cell size, ratio of cell length/size, and cell proliferation 

rate appear smaller on KOS hydrogel than for those on the TCPS. Interestingly, KOS hydrogel 

significantly promoted hCSC expression of VMSC genes and proteins (with or without 5-Aza), 

in contrast to those cultured on TCPS, in which case most hCSCs differentiated into CMs. 

Furthermore, differentiated VSMCs appeared to form “endothelial cell tube-like” 

microstructures, similar to the “endothelial cell tube” typically formed by ECs on Matrigel 

(i.e., in tube-formation or in vitro angiogenesis assay). The innovative methodology by which 

cells can be recovered from KOS hydrogel through elastase dissociation makes it possible to 

analyze gene and protein expression without interference of keratin molecules. 

In the second study (Chapter 2), we developed a protocol to induce VSMC 

differentiation of c-kit+ hCSCs on TCPS, observed the differentiation time-course on TCPS and 

KOS hydrogels, investigated the potential role of TGF-Ⱦ1 in the observed VSMC 

differentiation pattern of these cells on KOS hydrogels, and attempted to inhibit this 

differentiation using a TGF-Ⱦ1 inhibitory small molecule and neutralizing antibody. A VSM 

phenotype was produced on KOS hydrogels and on TCPS using rhTGF-Ⱦ1 (Figures 3.2, 3.3, 

and 3.5). Additionally, the observed differentiation pattern on KOS hydrogels was not 

observed on collagen hydrogels or collagen hydrogels crosslinked with genipin (Figure 3.4). 

Collagen lattice assays revealed that cells differentiated on KOS hydrogels, and cells 

supplemented with rhTGF-Ⱦ1 were significantly more contractile than hCSCs differentiated 
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on TCPS (Figure 3.5).  Cells cultured on both KOS hydrogels and TCPS produced TGF-Ⱦ1 and 

its associated pro-peptides LAP and LTBP-1, but was enhanced on KOS hydrogels compared 

to TCPS (Figure 3.6 and 3.7). Also, we found that the use of inhibitory small molecule A83-

01 was able to reduce expression of VSM marker on both TCPS and KOS hydrogels (Figure 

3.8), and that a TGF-Ⱦ �AB both significantly reduced VSM contractile protein expression on 

KOS hydrogel differentiated hCSCs (Figure 3.9). 

Given the considerable evidence that our cells were exhibiting a phenotype consistent 

with VSMCs, the third study was designed to evaluate the capability of these cells to 

regenerate ischemic tissue. In this study, we investigated the ability of KOS hydrogel-derived 

VSMCs to recover blood perfusion and regenerate vascular tissue in a critical hind limb 

ischemia model using ĀSG mice. Animals were treated with either PBS-treated, cells 

differentiated on TCPS, or VSMCs differentiated on KOS hydrogels. Blood flow measurements 

using Laser Doppler demonstrated better recovery of blood perfusion for the KOS hydrogel 

differentiated cell treatment group than for both the PBS-treated and TCPS differentiated 

cell-treated mice. KOS hydrogel derived VSMCS also promoted significantly higher 

angiogenesis than PBS-treated, but Cells from TCPS did not. H&E analysis revealed that both 

cell treatment groups resulted in significantly less intermuscular adiposity and a lower 

central nuclei ratio, indicating that both cell treatment groups resulted in better preservation 

of tissue. Cell incorporation of both KOS and Cells from TCPS revealed that there was a low 

level of engraftment for both cell types, but only cells differentiated on KOS were positive for 

Ƚ-SMA indicating preservation of cell phenotype, and that observed angiogenesis was a 

result of paracrine effect of the cells and not a result of cell engraftment.  

 

5.2 Future Work 
The long-term goal of this work is to characterize the effects of keratin based 

biomaterials on c-kit+ hCSCs to understand the underlying mechanisms behind its 

modulation of cell phenotype. Using this information, we plan to devise new cardiovascular 

regenerative medicine strategies using a combined stem cell and biomaterial therapy. 

Extensions of this work would involve: (1) thorough investigation of potential binding 

interactions of KOS hydrogels and TGF-Ⱦ1 and its associated peptides; (2) the role that 
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integrin signaling material stiffness of KOS hydrogels plays on cell differentiation; and (3) 

animal studies to examine the use of KOS derived VSMCs in AMI rodent models. 

Perhaps the most obvious extension of our research is to quantitatively investigate 

protein binding interactions of KOS hydrogels and the peptides of the LLC (TGF-Ⱦ1, LAP, and 

LTBP-1). Results from ELISA experiments in Chapter 3 show indirect evidence that rh-TGF-

Ⱦ1 interacts with KOS hydrogels (see Figure 3.6B). While this experiment provides 

interesting results, more quantitative analysis is needed to determine if there is any protein 

to protein binding between KOS hydrogels and any of the components of the LLC. 

Experiments to measure interactions between these components should include both 

biophysical and biochemical methods. The first step would be to screen for broad interaction 

between proteins in KOS hydrogels and cell lysates. These interactions could be relatively 

weak and transient; therefore a biochemical test such as a crosslinking protein analysis 

should be used. Using this method, we could screen interactions for all components of the 

LLC (TGF-Ⱦ1, LAP, and LTBP-1) with KOS. If these experiments reveal any interactions with 

KOS, then we would further investigate the interactions using biophysical methods such as 

surface plasmon resonance (SPR) to measure association and dissociation constants of the 

components that do interact.  

Another area of investigation we are interested in examining is integrin activation of 

TGF- Ⱦ1. Traction mediated activation of TGF- Ⱦ1 has been reported in many studies (122, 

199, 253) and could be a likely mechanistic candidate to explain our observed VSMC 

differentiation on KOS hydrogels. Of particular interest would be mechanical activation of 

TGF-Ⱦ1 by ȽvȾ6, ȽvȾ5, and ȽvȾ3 integrins, all of which have been reported to activate Latent 

TGF-Ⱦ1 (254). These studies would focus on small molecule inhibition of cell contractility and 

inhibition of RGD cell binding motifs that are essential for binding of the integrins to the LAP 

portion of the LLC (199). 

Extensive research has investigated the use of stem cells and stem cell derived CMs 

and ECs (75, 80, 255-258), but comparatively there are very few studies examining the role 

of VSMCs for cardiac repair. Positive results showing increased revascularization from our 

hind limb ischemia model (see Figure 4.1 to 4.4) provide meaningful data to pursue further 

studies investigating the application of our KOS hydrogel derived VSMCs to treat AMI in 

rodent models. Additionally, other hind-limb ischemia studies (226) and AMI models (259) 
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have shown some positive results: improved LV function, less ventricular dilation, greater 

number of blood vessels, and a smaller infarct area. Despite these positive findings, few 

studies have investigated the use of VSMC in the treatment of cardiovascular disorders. Such 

studies should investigate: the contribution of c-kit+ hCSCs into vascular tissue of AMI, the 

use of differentiated cells vs stem cells, and the use of VSMCs alongside ECs or EPCs. 
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